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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE
DEPARTMENT OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

by Yudong Wang

In magnetic materials, domains of magnetic orientation in opposite direction are
often alternated. The transition in orientation between these domains, the domain
wall, is not abrupt but spatially extended. When a current is passed through the
magnetic material, the resistance of the material is dependent on whether such
domain wall exists, which in its turn depends on the external magnetic field. This
magneto-resistance is larger for smaller domain walls. Although the domain wall
width is in principle a materials parameter, by patterning the magnetic sample
into certain nanostructures, it is possible to constrain the domain wall such that

its width is smaller than its natural unconstrained width.

We have measured domain wall magnetoresistance in a single lithographically con-
strained domain wall. An H-shaped Ni nanobridge was fabricated by either e-beam
lithography or a combination of e-beam lithography and helium ion milling. The
two sides of the device are both single magnetic domains showing independent
magnetic switching. The connection between the sides constrains the domain wall
when the sides line up antiparallel. The magnetoresistance curve clearly identifies
the magnetic configurations that are expected from a spin-valve like structure.
The room temperature domain wall measurements give a magneto-resistance ratio
of 0.1 % for the 94 nm and 0.2 % for the 32 nm constriction.

Although these values are in itself small, they are the first results on lithographi-
cally prepared single domain spin valves. The single-layered device might allow for
easier fabrication and space savings for high dense storage applications as com-
pared to giant magneto-resistance and tunneling magneto-resistance. Also, the
research of spin-based logic devices will benefit from the physical understanding
that follows from measurements of magneto-resistance devices without material

interface.
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To fabricate electrically functional devices on this size scale, significant develop-
ment in the fabrication methods was required. The electron beam lithography for
metal lift-off process is developed for the high resolution and accurate alignment
work. A checkerboard dose sensor has been investigated to detect the base dose
for the proximity effect correction in the e-beam lithography. A helium ion beam
milling process is developed used to overcome the limitation of the e-beam lithog-
raphy lift-off process. A resistance model has been used to measure the milling
rate with layer accuracy of close to Inm. The experimental He ion milling effi-
ciency for Ni calculated from these measurements gave a value of 0.044 atoms/ion

which is the half the value from finite element simulation.

The same advanced fabrication process has also been used to create a 20 nm gap in
a plasmonic nanoantenna. Its resonant spectrum has been measured using optical
methods and agrees very well with theoretical prediction based on the geometry
of the nanoantenna. This fabrication also gives rise to the possibility to fabricate
an electrical controllable plasmonic dimer nanoantenna and the design of such

elecro-optical modulator is presented.



Contents

Declaration of Authorship
List of Publications
Acknowledgements

1 Introduction

2 Magnetism and electron-spins

2.1 Background . . . ... ..
2.2 Energy states in magnetic materials . . . . . . ... ..o
2.3 Magnetic domain wall . . . . . .. ..o
2.4 Magnetoresistance . . . . . ...
24.1 Introduction . . . . . ... Lo
2.4.2  Anisotropic magnetoresistance . . . . . . . .. ... ... L.
2.4.3 Giant magnetoresistance . . . . . . ... .. ... L.
2.4.4 Tunnelling magnetoresistance . . . . . ... .. ... ....
2.4.5 Quantum tunnelling magnetoresistance . . . . . . . .. . ..
2.4.6 Ballistic magnetoresistance . . . . . . . .. ... ... ..
2.4.7 Colossal magnetoresistance . . . . . . . ... ... ... ..
2.5 Spin current and spin torque . . . . . ... ...
2.6 Domain wall magnetoresistance . . . . . . . ... ... ...

Development of e-beam and helium ion beam writing
3.1 Device layout . . . . .. ...
3.2 Photolithography . . . . . . . ... ... Lo
3.3 Metal evaporation . . . . . . . ...
3.4 Lift-off . . . ...
3.5 Electron-beam lithography . . . . . .. ... .. ... ... ...
3.5.1 Introduction . . . . . . .. ... ...
3.5.2  Exposure dose and proximity effect correction . . . . . . ..
3.6 Helium-ion Beam Milling . . . . .. .. ... ... ... ... ....
3.6.1 Introduction . . . . . . . .. ... ...
3.6.2  HIM milling fabrication . . . .. .. ... ... ... ....
3.6.3 He-induced strain and swelling . . . . . ... ... ... ...
3.7 Conclusion . . . . . . . . ...

vii

ix

xi



vi CONTENTS
4 Magnetoresistance in domain wall spin-valves 65
4.1 Resistivity of wires . . . . . . ..o 65
4.2 Domain wall magnetoresistance measurement . . . . . . .. .. .. 68
4.2.1 Device fabricated by e-beam lithography . . . . . .. .. .. 68
4.2.2  Device fabricated by HIM . . . . . . .. ... .. ... ... 70
4.2.3 Comparison between e-beam lithography and HIM devices . 72

4.2.4  OOMMF simulation comparison between fabricated and ideal
geometries . . . ... Lo Lo 73
4.3 Anisotropy magnetoresistance discussion . . . . .. ... .. .. .. 75
4.4 Measurement resolution and noise . . . . . . ... ... ... 80
4.5 Failure analyse . . . . . ... oL 83
4.6 DWMR Theory . . . . . . . . 85
4.7 Conclusion . . . . . . . . L 90
5 Plasmonic nanoantennas 93
5.1 Introduction to plasmonic nanoantennas . . . . . ... . ... ... 93
5.2 Fabrication results . . . . .. ... oo 96
5.3 Theorical results . . . . . .. ... 100
54 Conclusions . . . . . . . . . .. 105
6 Summary 107

Bibliography 109



Declaration of Authorship

I, Yudong Wang, declare that the thesis entitled Magnetoresistance in constrained

domain walls and the work presented in it are my own. I confirm that:

This work was done wholly or mainly while in candidature for a research degree

at this University;

Where any part of this thesis has previously been submitted for a degree or any
other qualification at this University of any other institution, this has been clearly
stated;

Where I have consulted the published work of others, this is always clearly at-
tributed;

Where I have quoted from the work of others, the source is always given, with the
exception of such quotations, this thesis is entirely my own work; The plasmonic
nano-antenna work includes the device fabrication which was done by myself,
optical measurement and finite difference in time domain simulation carried out
by Martina Abb and boundary element method simulation carried out by Pablo
Albella. We were named on the same paper published at ACS nano at 2012
(included in the publication list).

I have acknowledged all main sources of help;

Where the thesis is based on work done by myself jointly with others, I have made

clear exactly what was done by others and what I have contributed myself;

Parts of this work have been published in research journals as indicated in the list

of publications provided with this manuscript.
Signed:

Date:

vil






List of Publications

Journal Publications

Y. Wang, C. H. de Groot, D. Claudio-Gonzalez, & H. Fangohr, (2010). Mag-
netoresistance in a lithography defined single constrained domain wall
spin-valve. Applied Physics Letters, 97(26), 262501. doi: 10.1063/1.3531666.
(selected as frontier research and published in AIP (American Physical Society)’s
Virtual Journal (http://www.vjnano.org))

N. Unal, M. D. B. Charlton, Y. Wang, U. Waizmann, T. Reindl, & U. Hofmann
(2011). Easy to adapt electron beam proximity effect correction param-
eter calibration based on visual inspection of a “Best Dose Sensor” .
Microelectronic Engineering. doi: 10.1016/j.mee.2011.02.066.

Y. Wang, S. A. Boden, D. M. Bagnall, H. N. Rutt & C. H. de Groot (2012)
Helium ion beam milling to create nano-structured domain wall mag-
netoresistance spin-valve IOP Nanotechnology Vol.23, p395302 (selected as an
article of particular interest and promoted as a news item on the website nan-
otechweb.org)

M. Abb, Y. Wang, P. Albella, C. H. de Groot, J. Aizpurua, and O. Muskens
(2012) Interference, coupling, and nonlinear control of high-order modes
in asymmetric nanoantennas, ACS Nano Vol.6, No.7 pp6462-6470

Conference Publications

Y. Wang, C. H. de Groot, D. Claudio-Gonzalez, H. Fangohr (2010) Domain wall
magnetoresistance E-beam Fabrication and MR measurement SEPNET
Spintronics 2010 London (poster)

Y. Wang, K. de Groot, H. Fangohr, D. Gonzalez (2011) Magneto-resistance in
a lithography defined single constrained domain wall spin valve. Conf.
IEEE Intermag BD-07 Taipei, Taiwan (oral)

1X



S CONTENTS

Y. Wang, C. H. de Groot, D. Claudio-Gonzalez, R. R. J. Gibbs, H. Fangohr (2011)
Domain wall Magnetoresistance E-beam fabrication and MR measure-
ment, [EEE Summer School New Orleans, U.S.A.( poster)

Y. Wang, C. H. de Groot, D. Claudio-Gonzalez, H. Fangohr(2011) Magneto-
resistance in a lithography defined single constrained domain wall spin
valve. FUROMAT 2011, A24-0855, Montpellier, France (oral)

Y. Wang, C. H. de Groot, D. Claudio-Gonzalez, M.D. B. Charlton (2011) Magneto-
resistance in a lithography defined single constrained domain wall spin
valve. SPIFE 2011 San Diego, 8100-24 (Invited oral, Paper see SPIE Digital Lib.)

Y. Wang, C. H. de Groot, D. Claudio-Gonzalez, R. R. J. Gibbs, H. Fangohr
(2012) Magneto-resistance in a lithography defined single constrained
domain wall spin-valve, JAIST ISEN 2012 Kanazawa, Japan (poster)

Y. Wang, S. A. Boden, D. M. Bagnall, H. N. Rutt & C. H. de Groot (2012)
Helium ion beam milling to create nano-structured domain wall mag-
netoresistance spin-valve NN 2012, W2, Thessaloniki, Greece (oral)

Y. Wang, S. A. Boden, D. M. Bagnall, H. N. Rutt & C. H. de Groot (2012)
Helium ion beam milling and electron beam lithography to create sub-
20nm sized domain wall magnetoresistance spin-valve MNF 2012, Toulouse,
France (poster)



Acknowledgements

I would like to express my sincerest gratitude for the help that people have given
me. Without your caring support this thesis would not have been possible. A
special thank to my supervisor Prof. Kees de Groot for his guidance, support,
the innumerable helps throughout every step of my PhD research, study funding,
correcting papers, daily life and this thesis. In particular, I am very appreciative of
the intellectual freedom, patience, trust and encouragement which he has afforded
during my whole graduate research. A special gratitude to Dr. Martin Charlton
for his kind and patient supervision on the E-beam lithography system, pattern
generator softwares and theory on proximity effect corrections, useful discussions

on the science and support in both my study and daily life.

I would like to thank every member of the nano research group for their help,
kindness and the happy times over the past 3 years. I want to give my thanks to
Dr. Otto Muskens for his patient support and guidance on the plasnomic nanoan-
tenna project. Thanks to Dr. David Gonzalez for all his support and sugges-
tions on the domain wall magnetoresistance fabrications and analysis. Thanks to
Dr. Martina Abb for her excellent cooperation during the plasmonic nanoantenna
project. Thanks to Dr. Stuart Boden for the great collaboration of the HIM
related projects and his patient help on experiment and improving the papers.
Thanks to Dr. Harold Chong for his useful discussions on e-beam, FIB, MFM
and AFM, and the helpful suggestions on my study. Thanks to Dr. Yoshishige
Tsuchiya for the endless help on the cryogenic measurement system and discus-
sions on signals and noises. Thanks to Prof. Hiroshi Mizuta for the discussions on
spintronics and his kind invitation to the lab seminar in Japan. Thanks to Prof.
Darren Bagnall and Prof. Harvey Rutt for the helium ion beam milling project.
Thanks to Prof. Peter Ashburn for the MOSFET related discussions.

I would like to thank all the colleges who are working together in the cleanroom.
I would like to give my thanks to Peter Ayliffe for all his help on e-beam lithog-
raphy system; Sunkai for his endless help on photo-lithography, thermal oxida-
tion and etching processes; Kian for all his useful helps on lithography, sample

packaging, and machine lift-off processes; Ruiqi for the discussions on e-beam

X1



xii CONTENTS

lithography and pattern generator softwares; Yunpeng for the proof reading of the
thesis; Stuart Pearce for his help on e-beam evaporators; Khaled for his discussions
on magnetoresistance and e-beam lithography; Xiaoli for her discussions on the
spintronics projects; Owain for his help on cleanroom instruments trainings; Jim
for the help on evaporator; Zak for the graphene related discussions; Ruomeng,
Yunpeng, Shuojin, Longtao, Xingzhao, Ahmed, Suhana, Ibrahim, Sara, loannis,
Mario, Hwanjit, Feras, Taha, Ken, Nima, Mehdi, Kanad for all the helps and best

times spent together in the cleanroom, office and bars.



I would like to dedicate this thesis to my loving wife
Qiong Liu.

xiil






Chapter 1

Introduction

Spintronics is a fast growing research field which looks at both spin and charge
signal of electrons. Especially as metal-oxide-semiconductor field-effect transis-
tors (MOSFETS) technology is its limitation on par with the tunnelling distance
of electrons. Spintronics provides an emergent possible solution to next generation
of electronic logic by bridging the gap between classical MOSFET theory and the
onset of the great significance of electron spins. Electron spin was discovered in
the 1920s, but this physical phenomenon was not utilised in logical devices due
to the lack of understanding until 1980s. One of the most important discoveries
relating to the electron spin is magnetoresistance which is known as the resistiv-
ity variation caused by the interaction between electron spins and magnetisation.
Giant magnetoresistance (GMR) awarded the 2007 Nobel Prize was firstly dis-
covered by Grunberg et al in 1988. Almost at the same time in the year 1989,
Fert’s team reported a very large GMR effect [1]. In 1995 a tunnelling magnetore-
sistance (TMR) of 11.8% at room temperature was found by Moodera et al [2].
This then led to a significant increase in hard drive storage density, because of the
use of TMR in its sensors. Soon after, the magnetoresistance attracted more and
more researchers into various fields such as ballistic magnetoresistance (BMR),
colossal magnetoresistance (CMR) and domain wall magnetoresistance (DWMR).
Based on that research spin based logic device [3] became possible, and research

on spintronics came into fruition.

In this thesis the basic theory about spintronics and popular research areas will be
introduced. Among these areas there is a topic named domain wall magnetoresis-
tance (DWMR). Domain wall magneto-resistance (DWMR) occurs when electrons
travel from one side of the magnetic domain wall to another non-adiabatically. It

has been reported in many different structures such as ring structure [4, 5, 6],
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2 Chapter 1 Introduction

line structure [7, 8, 9, 10, 11, 12], atom-contact structure [13, 14|, zigzag struc-
ture [15, 16] and bridge structure [17, 18]. In 1999, Bruno [19] proposed that in
nano-structured devices the domain wall width can be constricted by geometrical
means. The decrease of the domain wall width could exponentially increase the
domain wall magnetoresistance according to the models of Morosov’s reported in
2004 [20], and Ieda’s reported in 2007 [21]. However both of these models are the-
oretical, because the fabrication of a measurable single constricted domain wall
device is challenging. In line-shape devices, the DWMR effect is relatively small
because the classic resistance of the line hides it. In the point connecting struc-
tures the magnetoresistance can be very large due to the ballistic transport of the
electrons, but it is not caused by domain wall due to the adiabatical transport
of the electrons. Moreover the fabrication procedures such as mechanical break
junctions [22], electrical break junctions [23] and electrochemical junctions [24]
are not suitable for industrial fabrications [25], and the measurements are subject
to artefacts [26]. In this work an H-shaped single domain wall magnetoresistance
spin-valve is analysed experimentally. It is fabricated by industrial capable top
down processes and measured by a four point measurement circuit. The domain
wall width of our spin-valve can be controlled by the length of the bridge between
two domain pads [18]. Both electron beam lithography and helium ion beam
milling methods are used in order to reduce the bridge length down to sub-20 nm
region. The research based on such a device could not only benefit the under-
standing of physics of DWMR but also give possibilities to fabricate faster and

denser logical devices.

This thesis contains the analysis, fabrication and measurement of the H-shaped
DWMR devices. In Chapter 2 basic magnetism, magnetoresistance and the latest
research of DWMR will be introduced. Chapter 3 contains fabrication processes
for H-shaped devices, especially methods to control the geometrical sizes, such as
electron beam lithography and helium-ion beam milling. In Chapter 4, the device’s
magnetoresistance behaviour will be presented and discussed. A model based on
spin energy transition will be introduced as well. In Chapter 5 a nano-antenna
related to thin film surface plasmonic resonance research will be introduced. The
nano-antenna can be fabricated by the electron beam lithography and helium
ion beam milling. The structure of the nano-antenna is similar to our H-shaped
DWMR spin-valve but no bridge between two antenna rods. As similar to DWMR
effect, the plasmonic interaction signal can be significantly increased by reducing

the width of the gap between two antenna rods down to sub-20 nm.



Chapter 2

Magnetism and electron-spins

2.1 Background

When we want to discuss domain wall magnetoresistance (DWMR), we should
explain firstly what the domain wall is. However, before we could describe the
magnetic domain and domain wall, we have to start with magnetisation in ferro-
magnetic materials. In magnetic view the materials being discussed here include
non-magnetic, paramagnetic, ferromagnetic and antiferromagnetic materials. The
magnetisation inside the material can be divided into two contributions, spin or-
bital moment and spin moment. In paramagnetic material the directions of spin
orbital and spin moment are random because of the thermal energy. The sum of
the total amount of these vectors is zero, so the total magnetisation is zero. Below
a critical temperature the vectors start to align themselves along certain direc-
tions and the paramagnetic material becomes a magnetic material. The critical
temperature is named the Curie temperature (7.). T. of nickel which we used in
this experiment is 627 K. Below 7, the magnetic interaction between spins in the
magnetic material can be described by several energy terms. This interaction will
determine the orientations of the magnetisation inside the magnetic material such
as the formation of domain walls. Below we are going to discuss in detail how the

energy terms influences the magnetisation.
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2.2 Energy states in magnetic materials

The magnetisation in the magnetic material follows a common principle that its
total energy in a finite space prefers the lowest state. In ferromagnetic materials
this means changing the direction of each cell’s magnetisation. However, the stable
state may not be the state at minimum energy. There might be several local
minimal stable states in a system (Figure 2.1). We define the local minimal stable
states at points where %—g =0 and %275
to another needs external energy, such as thermal energy, external magnetic field

> (. To change the system from one state

or current spin torque.

e TN

0

FI1GURE 2.1: A plot of Energy F, as a function of angular 6 of a finite magnetic

system. State A is a local minimum energy state while State B is the lowest

stable state. State C is the energy barrier between states A and B. The system

requires additional energy which is as least the difference between states C and
A to move from state A to state B

In our experiment the device will be operated in an external magnetic field. The

total energy we are discussing here can be shown as,
E,=FE.,+E,+E, (2.1)

where F; is the total magnetic energy, E., is the exchange energy which aligns
the magnetisation of the neighbouring cells parallel or antiparallel to each other,
E, is the anisotropy energy which forces the magnetisation to follow the lattice
direction, geometrical easy direction or strain direction and FE, is the Zeeman
energy which forces the magnetisation to follow the external magnetic field. The

details are explained below.

Exchange interaction is a kind of strong quantum mechanical interaction within

a finite magnetic domain. The interaction exists between any two magnetic cells.
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The cell size could be as small as one atom. However, in most simulations we
have to define the cell size as large as several nano meters in order to reduce
the calculating time. The value of E., can be calculated from the Heisenberg

Hamiltonian (Equation 2.2).

The Heisenberg Hamiltonian as a function of angle between neighbour cells’ mag-

netisation, # and is given by,

Hep =-2Y JySi- S,

j>i

= —2J5? Zcos 0;;
j>i
0. - (2.2)
:_2 2 _ win2 Y
JS Z(l sin 2)
1 7>
~ 2 2
~ ISP O+ C
j>i

where S; and \S; represent spins of two distinct atomic sites and J is the exchange
integral of the overlap of the wave functions of the i* and j** atoms. When
J > 0 the material is ferromagnetic whereas J < 0 correspond to antiferromagnetic

materials. 0;; is the angle between spin i and j.

If we consider one dimension in a 3-D space, the total exchange energy can be

described by the sum of exchange energy of the nearest neighbour spins shown as
[27],

2
B, = / N“;S (aV6)2dL (2.3)

where N, is the density of the nearest neighbour spins, a is the spin lattice constant,
L is the length of a row of a® cells and A = a®>N,JS?/2 is the exchange stiffness.
When we extend this model into three dimensions the equation can be written as
28],

B =A / (Vm)*dV (2.4)

where m = M /Mj is the saturation magnetisation constant. When the spin lattice

constant a is relatively small (e.g. 4 nm),Vf ~ Vm.

E, can be divided into three parts (Equation 2.5). These are magnetostatic energy
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FE,,s magnetocrystalline energy F,,. and magnetoelastic energy E,,..
Ea = Ems + Emc + Eme (25)

The E,,s reduces the surface magnetic charge which generates a demagnetizing
field through the magnetic material. The magnetic charge is caused by one end of
a magnetic dipole at the surface of a piece of magnetic material. The demagnetiz-
ing field which is anti-parallel to the magnetisation orientation inside the material
results in the magnetostatic energy F,,s (Equation 2.6). When the magnetisation
follows a certain direction the system has the lowest anisotropy energy. We call
this direction easy axis. Normally in a bulk structure (Figure 2.2), if the mag-
netocrystalline and stress anisotropy is negligible the easy direction will be along
the long axis like Z. This is because the XY plane has less total magnetic charge
than the XZ or YZ plane and the demagnetisation field is weaker along the easy
direction Z compared to X and Y.

+ + +

C U N

(a)

FIGURE 2.2: The schematic 3D diagram of surface magnetic charge and de-
magnetisation field. The geometrical size of the cube has the relation of
L, > Ly > L,. The plane area has the relation of Sy, < S;. < Sy.. Z is
the easy axis because S, has the smallest amount of surface magnetic charge

The magnetostatic energy is given by,

1 1
Boe=y | aHa MV = I Nyat? (2.6)
2 sample 2
where Hy is the demagnetisation field, M is the magnetisation of the domain and

N is the demagnetizing factor depending on the shape of the magnetic material.
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N’s value is smaller when there is less surface magnetic charge. For example in
Figure 2.2 the geometrical length of the cube is L, > L, > L, and the demagnetiz-
ing factor has the relation of N, > N, > N.. M; is the saturation magnetisation

which depends on the type of the material.

The FE,,. forces the the magnetisation to align with the crystal. The energy is
mostly caused by the spin-orbit coupling. Different crystal lattices have different
forms of magnetocrystalline energy. The energy in a uniaxial lattice can be shown

as,

Eome = /K1 (COSQQDSiDQQ + SiIngOSinQQ) A%
(2.7)
= / Ksin*0dV

where F, ... is the uniaxial magneto-crystalline energy, K is a constant depend-
ing on material and temperature, whose unit is J/m3. When K; > 0 the easy
direction follows the Z axis whereas when K; < 0, the easy axis is within plane
A (Figure 2.3). In this figure, Z is the main symmetry axis of the magnetic crys-
tal. 0 is the angle between the magnetisation and Z axis. A is the basal plane

perpendicular to the symmetry axis.

FIGURE 2.3: Spherical polar coordinates of the uniaxial lattice. Z is the main
symmetry axis of the magnetic crystal. 0 is the angle between the magnetisation
and Z axis. A is the basal plane perpendicular to the symmetry axis.

FE,.. in a hexagonal lattice is given by,
Bl e = / (KlsiHQQ + Kosin*6 + K3sin*6 cos 60) dVv (2.8)

where K7 and K> are energy density constants. The hexagonal magnetocrystalline
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energy, Fy . is dominated by the first two terms. The influence of higher order
terms is largely reduced by thermal agitation. Table 2.1 shows how K; and K5 de-
termine the magnetic characteristic of the lattice. Figure 2.4 shows the hexagonal
lattice structure and easy axes of its. For example, the cobalt lattice has parame-

ters of K; = 45 x 10*J/m3 and K, = 15 x 10*J/m3, and thus the symmetric axis
is its magnetic easy axis.

TABLE 2.1: Easy directions of a hexagonal lattice depending on energy density
constants

Condition
K1 - KQ - 0

Easy axes

isotropic

K1>0andK220
Ky <0Oand K5 <0

¢ (symmetry axis)
a (basal plane)

KKy <0 b (easy cone)
=TT T T T == == -

C R R | S P SR | B, S
*\‘..__ I\ _ -*“-._ [N ,’:/',
T~ - ~ - - -

: N T e e
N Ty 7 S
1 N Iy 1 [ ’ I
I N I 1 I,’l ’ 1
I Y 1 1" T 1
! vy ! A !
! RN ! (W !
\ 1!

1 N \\ I o 02 |
1 }\ \ |c Ji 4 1
1 L 1 4 1
[N \ I
! oy ! U [ !

\ 1 4

1 [ B A | 1
| ' A | l
! ! \\‘\ Y | !
! 1 \\\';I,I | !
' I SRR WY (e 1 .
I PSR ‘{'I P 1
ST -2 Sk - - - - = ]

Sl =77 T~ -

=== o~

FIGURE 2.4: hexagonal lattice. ¢ is a sixfold rotation symmetry axis, a is the
lattice direction in the basal plane, b is the cone direction

The energy in a cubic lattice can be given as,

B e = / (K1 (o8 + B°7° +7°a?) + KxaB79%]dV (2.9)
where K; and K, are energy density constants, o = cosgsin€, f = sinpsinf
and v = cosf. « and @ are the angles in spherical polar coordinates. If Kj is
negligible, when K; > 0 the easy axis is the < 100 > direction and when K; < 0
it is the < 111 > direction. In other situations, the easy axis follows the o and
6 when %—g = 0 and %27]25 > (0. For example, for Fe K; = 4.5 x 10'J/m?® and

Ky = 0.5 x 10*J/m3. K, can be neglected, therefore < 100 > direction is the
easy axis.

The En. (Equation 2.10) forces the magnetisation to follow the strain directions.
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This is defined by,
3 2
E,.= 5)\30(:08 0 (2.10)

where ), is the saturation magnetostriction, o is the strain, 6 is the angle between

the magnetisation and the strain direction.

At last, the Zeeman energy aligns the magnetisation to the external magnetic field.

It can be calculated by,
E,=— /,uOH - MdV = — /,uOHMS cos 0dV (2.11)

where H is the external magnetic field, M is the magnetisation, Mj is the saturated

magnetisation, 6 is the angle between magnetisation and the external field.

TABLE 2.2: Summary of energy terms and their influence on the magnetisation

Energy term Influence to magnetisation
Exchange neighbours to follow the same direction
Anisotropy  magnetostatic to follow the geometrical easy axis
magnetocrystalline to follow certain lattice directions
magnetoelastic to follow the strain direction
Zeeman to follow the external magnetic field

2.3 Magnetic domain wall

Magnetic domain wall is a region in the ferromagnet materials, in which the magnet
polarisation switches from one direction to another. Firstly pointed out by Bloch
in 1932 [29], the structure of the domain wall is determined by the interaction
between exchange and anisotropy. The width of the domain wall, Wy,,, can be
defined by [19],

Waw = 4 U:O 6% (z) dm} h =4 [/+ 92d9] : (2.12)

where 6 is the magnetisation rotation angle between two neighbouring cells, and
dz is the distance between the two cell. This is the definition of the domain wall
width of a magnetic domain wall in an infinite system where at —oo the angle of

magnetisation is —7 whilst at +oo the angle is .
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In a piece of ferromagnetic material, there might be any number of magnetic
domain walls, or even no domain wall at all. This depends on the material as well
as its geometrical size and shape. An unconstrained domain wall usually appears
in a large sized system where the exchange energy E., dominates the anisotropy
energy F,. In bulk ferromagnets, the domain walls can be seen as unconstrained.
For Ni, the material used in our experiment, the unconstrained domain wall width
was found to be 134.1651 nm theoretically by Fangohr et al [30]. The simulation
was done in OOMMF with the parameter M, = 490 kA/m, A = 9 x 1072 J/m,
and K = 2000 J/m3. This result agreed with the value 134.1641 nm calculated by
Equation 2.13 reported by Bruno in 1999 shown as [19],

Wy = 20/ AJK (2.13)

where A is the exchange stiffness and K is the uniaxial anisotropy. This equation
comes from the definition shown in Equation 2.12 when the sum of exchange energy
and uniaxial anisotropy energy is the minimum value. The demagnetisation is not

taken into account in the unconstrained domain wall.

If we think about a finite system and the domain wall is highly constrained, the
definition of domain wall width can be Wy, where the angle of magnetisation 6
rotates from 0° to 180° ([0, 7]). If we assume a constant value of df/dL, in the
uniaxial crystal it can be calculated by the equations below. The exchange energy

caused by the spins inside the domain wall is derived from Equation 2.2,

2

E.. _A/ VO2dL = AZ( ) —a (2.14)

where a is the lattice constant, IV is the number of lattice along the width of domain

wall. The uniaxial magnetocrystalline energy is derived from Equation 2.7,

E,.. =K 204V = K 2T
/Sln a ZSIH N

=Ka® E [sinQ% + sin? (% + g)] (2.15)
o . :
T
= Ka® E [SIII — + COS2W] = §KNa3

In order to change the integration to a sum we assume 6 is constant in a cross

sectional area perpendicular to the domain wall width direction.
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The minimum energy state is given as,

7T2

1
E'=F'q+Eypme = —Ama + 5Ka?’ =0 (2.16)
As it is an unconstrained domain wall in a infinite system, the minimum energy
should be at a single point. The domain wall width which gives minimum total
energy is given as,
A

Waw, = Na = V27 = (2.17)

It can be seen that the exchange energy of a domain wall is minimised by com-
pelling the number of spins along the domain wall width as large as possible

whereas the anisotropy energy prefers a small value of N leading to a short Wy, .

This value is about double Bruno’s result (Figure 2.5). With this method the W,
only counts the sharp rotating area which is believed to be the main contribution
to the domain wall magnetoresistance, but neglects the region where the rotating
is not obvious. Especially in a nano-meter sized finite system where the domain
wall is not completely from 0° to 180°, the description of the sharp rotating area
only is more accurate to discuss the spin transport (to be discussed in detail in the

result section). There are two types, Bloch-type and Néel-type of domain walls.

1.0

05—

My/Ms
(@]
I

-1.0 I 1 I PR | I
-300 -150 0 150 300 (nm)

FIGURE 2.5: Schematic diagram of the unconstrained domain wall width in an
infinite system defined by Bruno, W; = 2,/A/K (blue) and in a finite system,

Wy = \/577\/%

Figure 2.6a shows the structure of a Bloch-type domain wall. This type of domain
wall appears when the exchange energy of rotations along xy plane exceeds the

anisotropy energy of magnetisations in xz plane. It is more likely to appear in the
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FIGURE 2.6: (a) Schematic 3D diagram of a Bloch type domain wall. The

rotation of magnetisation is in XZ plane. The domain wall width direction is in

Y axis. (b) Schematic 3D diagram of a Néel type domain wall. The rotation of
magnetisation is in XY plane. The domain wall width direction is in Y axis.

bulk structures where xz plane’ dimensions are similar or larger than W,. The
unconstrained domain walls discussed above are all Bloch walls. Also a material
with large exchange stiffness (A) would prefer to have a Bloch-type domain wall.
Figure 2.6b shows the structure of a Néel-type domain wall. This type of domain
wall appears when the cost on the anisotropy energy of magnetisation in zz plane
exceed the exchange energy of rotations along xy plane. It usually exists in thin
films where the anisotropy energy of the out of plane field is much larger than the

in plane exchange energy.

As we mentioned above, magnetic domain walls in thin films are mostly Néel-type
because the magnetisation prefers to follow a long geometrical direction which is
in plane to reduce the shape anisotropy or demagnetisation. For example, in a
piece of nickel thin film whose thickness is 20 nm and size 200 x 500 nm?, the mag-
netisation will follow the 500 nm direction naturally. Furthermore there will be
no domain wall in this system, because the nickel’s unconstrained Wy, 134 nm, is

close to its dimensions. In this case we call this piece of thin film the single domain
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system. When increasing the thin film to a large area such as 2 x 5 um?, there
might be various of domain walls inside [31, 32]. The domain walls measurement
methods such as magnetic force microscope (MFM) and Lorentz transmission elec-
tron microscope (Lorentz TEM) are useful for determining important magnetic pa-

rameters, such as spin lattice energy density constant K, and exchange stiffness A.

The shape influences the stability of the domain wall. For instance in a long
smooth magnetic thin film wire, a domain wall can be moved along the wire by an
external force such as a current, magnetic field or polarised laser [33]. However,
if there is a constriction structure along the wire such as a neck or bridge, the

domain wall can be attracted and pinned [34, 35, 36].

2.4 Magnetoresistance

2.4.1 Introduction

Magnetoresistance is a change in resistance due to the application of an exter-
nal magnetic field or magnetisation. It was firstly discovered in 1856 by William
Thomson. The materials that he investigated show a resistivity which changes
with the angle between external magnetic field and current direction. The resis-
tivity is high when they are parallel whereas it is low when they are perpendicular
to each other. This is caused by Lorentz force and known as ordinary magnetore-
sistance. Later he did the same experiment in Ni and found the same effect but
greater in magnitude. Currently this is known as anisotropy magnetoresistance
(AMR). In 1988, another important discovery in the magnetoresistance area, giant
magnetoresistance (GMR) was firstly discovered by Griinberg’s group. Almost at
the same time in 1989, Fert’s team reported a very large GMR effect [1]. This
effect has been used in hard drive sensors leading to improved hard disk density
in the following years. Around 1994, Moodera’s research team at MIT demon-
strated large tunnelling magnetoresistance (TMR) at room temperature based on
a CoFe/Al,03/Co stack structure [2], which was a huge improvement compared to
the low temperature TMR discovered by Julliere in 1975 [37] or the room temper-
ature TMR discovered by Terunobu Miyazaki in 1991 [38]. Again the hard disk
storage density improved about 100 times with the TMR read head. After this
milestone a significant number of researchers joined this field and various forms of
magnetoresistance appeared during the following years, such as TMR with quan-

tum effect, ballistic magnetoresistance (BMR), colossal magnetoresistance (CMR)
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and domain wall magnetoresistance (DWMR). In the next sections we will discuss

the major magnetoresistance effect in more detail.

2.4.2 Anisotropic magnetoresistance

Anisotropic magnetoresistance (AMR) is the variation of resistivity of ferromag-
netic materials depending on the angle between the current and magnetisation
direction. The ferromagnet conductor shows high resistivity when the magneti-
sation direction is parallel to the current, but low resistivity when antiparallel

(Figure 2.7). The resistivity in the demagnetised state has a relation to the high

(a)

{b)

. Ferromagnet I:l Current direction

FIGURE 2.7: Schematic 3D diagram of the anisotropy magnetoresistance. (a)
Low resistivity state. The magnetisation direction is perpendicular to the cur-
rent (b) High resistivity state. The magnetisation is parallel to the current

and low resistivity shown as,

1 2

= —py + = 2.18
p 37 + 3 L (2.18)

where pg, is the demagnetised resistivity, p| is the high resistivity and p, is the low
resistivity. The average resistivity takes 1/3 contribution from the parallel state
and 2/3 from the perpendicular state. The reason is that at demagnetised state
magnetisation components are randomly distributed along three axis. Therefore

one third of them follow the current orientation and two thirds are in the plane
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Nickel Room Temperature Anisotropic Magnetoresistance
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FIGURE 2.8: Plot of resistivity (u{2cm) as a function of external magnetic field

(kG), reported by McGuire in 1975. The magnetic material was Nig 9942C0g.0058

at room temperature. The circles on the curve p| mark the resistivity when

applied magnetic field is parallel to the current. The crosses on the curve p

mark the resistivity when applied magnetic field is perpendicular to the current.
After Mcguire et al [39], copyright IEEE

perpendicular to the current. When the angle 6 between the current and magneti-

sation is between 0° and 90° the AMR is given as,

Pw)y = p||COSQ¢9 + pJ_SiIlze

2.19
=pL+ (py — pL) cos®d (2:19)

It can be seen that the resistivity decreases when the angle between the current
and magnetisation increases from 0° to 90°. The AMR ratio of a material is then

given as,

_ Pl PL

(2.20
pav )

Taq

The AMR ratio is a percentage of the average resistivity change due to the AMR
effect. It is independent of the magnetic field, and only relates to the material
property. For instance, AMR ratio of Ni is around 2.5% according to McGuire’s
report in 1975 [39] (Figure 2.8). The measurement was based on ferromagnetic
material Nig g942C0g.0058 at room temperature. There is a parallel AMR curve and
a perpendicular AMR curve. It can be clearly seen that parallel resistivity is larger

than the perpendicular resistivity. The parallel curve is almost flat whereas the
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perpendicular decreases noticeably at the field 0 - 5 kG and becomes flat at higher
field. In the parallel case the magnetisation of the nickel wire always follows its
easy direction which is parallel to the current. However, in the perpendicular
case, when the shape anisotropy exceeds the influence of Zeeman energy (0 -
5 kG), the magnetisation still follows the wire’s easy direction. When the external
magnetic field is larger than 5 kG, the cost on the Zeeman energy exceeded the
shape anisotropy and the magnetisation follows the field direction. This process

is indicated by the decrease of the perpendicular curve.

2.4.3 Giant magnetoresistance

The giant magnetoresistance (GMR) effect happens in a multi-layer structure in
which magnetic and non-magnetic thin films are deposited alternately. There are
two types of GMR effect; current in the film plane and current perpendicular to
the film plane. Figure 2.9 shows the operation of the current in plane GMR device.
When there is no external magnetic field, the magnetisation of all ferromagnetic
layers are coupled to their neighbours oppositely due to the antiferromagnetic in-
direct exchange coupling or demag field. At this state, electron spins with both
orientations are in low conductance spin channels due to the spin collision at
the interfaces between ferromagnetic and non-magnetic layers. We call this the
high resistance state (Figure 2.11b). When we apply an external magnetic field
+uoHs, all the ferromagnetic layers’ magnetisation is saturated in the field direc-
tion. At this state, the electron spins with the orientation in the same direction
as the external magnetic field do not have spin collisions at the interfaces, thus
they are in a high conductance spin channel. We call this low resistance state
(Figures 2.11(a)(c)). The field +puoH, is called the saturating field. Its value is
determined by the coupling between the neighbour ferromagnetic layers which de-
pends on the thickness of the non-magnetic layers. Figure 2.10 shows that the
GMR curve of three types of devices whose non-magnetic layers are 1.8 nm, 1.2 nm
and 0.9 nm thick. It can be seen that the GMR ratio increases when the thickness
of the non-magnetic layers is reduced. Thinner non-magnetic layer gives larger
GMR ratio, but requires larger saturation field H, to switch. The magnetoresis-
tance curve was measured at 4.2 K and the maximum magnetoresistance ratio was
about 80% with respect to the low resistance state. Both H, and magnetoresis-
tance ratio decrease with the increase of temperature. H, is reduced by about one
third, while magnetoresistance ratio is reduced by a factor of 2. However it is still

significant at room temperature.
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I B Ferro magnetic thin film [ ] Nonferromagnetic conductor [[] spin channel

FIGURE 2.9: Schematic 3D diagram of a current in plane GMR structure. (a)
magnetisation of all layers are saturated in left direction by an external mag-
netic field —pgHs. Electrons whose spin orientation is the same as pugHs have a
wide channel whereas the opposite orientation has a narrow channel. (b) mag-
netisation of all layers coupled oppositely by the exchange interaction between
the neighbour layers. Electrons with both spin orientations have narrow chan-
nel. (c) magnetisation of all layers saturated at right direction by an external
magnetic field +ugHs. FElectrons’ channels are similar to the state shown in
(a). (a) and (c) show low resistance states whereas (b) shows a high resistance
state. The structure can be expressed by [F;Ny|, where F'is a type of ferro-
magnetic material, z is its thickness, IV is a type of non-magnetic material, y is
its thickness, n is number of the repeats of the F'+ N layers.
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FIGURE 2.10: Magnetoresistance of three types of Fe/Cr stacks at 4.2K. The
current and external magnetic field are along the same axis in the plane of the
layers. After Baibich et al [1]
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FIGURE 2.11: Schematic 3D diagram of the structure and operation of a cur-

rent perpendicular to plane GMR spin-valve. (a) parallel state (b) antiparallel

state. The parallel state has low resistance whereas antiparallel state has high
resistance, because of the size of spin channel shown in the diagram

Another type of GMR is when the current is perpendicular to the film plane
which is called GMR spin-valve (Figure 2.11). It normally contains three main
layers. A pinned layer whose magnetisation does not change with the external
field is normally pinned by an antiferromagnetic substrate, and a free layer works
as a switch of the spin-valve. The magnetic materials could be Ni, Co and Fe.
A non-magnetic conducting layer such as Cr, Cu, Ru or Ag [1, 40] separates
the pinned and free layers. When the free layer is parallel to the pinned layer
the electrons whose spins have the same orientation with the layers travel in a
wide spin channel whereas the oppositely oriented electron spins have a narrow
channel. When the two layers are antiparallel, electron spins in either orientation
have a narrow channel in the layer with the opposite magnetisation. Therefore,

the resistance of a parallel state is smaller than the antiparallel state.

Recent research announced that a graphene layer can be used as the separation
layer for a GMR spin-valve [41]. However the spin-valve with a middle layer of
graphene is more like a tunnelling magnetoresistance (to be introduced in the next

section), because the graphene is not conductive in its perpendicular direction.
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2.4.4 Tunnelling magnetoresistance

Tunnelling magnetoresistance (TMR) is similar to GMR but has a non-magnetic
insulating layer instead of a conducting one. The insulating layer is normally
1 - 2 nm thick, such that the electrons can tunnel through. The materials of the
insulating layer could be Al,O3 [2], GayO3 [42], MgO [43] and graphene [44].

(2)

©, 00 . ,

)

[ Free ferromagnet B Pinned ferromagnet ] Non-magnetic isolator

FIGURE 2.12: Schematic diagram of a TMR spin-valve at (a) parallel state and

(b) antiparallel state. The spin polarisation of the pinned layer is P, and P» in

the free layer. (c, d) show the spin transport in a tunnelling way. There is no
spin flip during the tunnelling process.

Figure 2.12 shows the schematic diagrams of the tunnelling process of electrons
with both up and down spins in (a) parallel state and (b) antiparallel state. Here
we define spin-up as when the spin orientation is the same as the magnetisation
of the pinned layer whereas spin down is the opposite. Figure 2.12(c, d) show the
electrons’ spin-up and spin-down energy band diagram and tunnelling processes
respectively. The possibility of electron spins tunnelling through a TMR spin-valve
is given in Table 2.3.

TABLE 2.3: Probabilities of electrons tunnelling through a TMR spin-valve

TMR state Spin orientation  Probability of tunnelling
(50% + P1/2) (50% + P»/2)
— (50% — P1/2) (50% — Py/2)
Antiparallel — (50% + P1/2) (50% — P, /2)
— (50% — P1/2) (50% + P»/2)

Parallel —
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For example the first row shows in parallel state the spin-up electrons has the
probability of (50% + Py/2) (50% + P»/2) to tunnel through a TMR spin-valve.
Thus the conductivity (o) of the parallel and antiparallel states has a relation to

the probability shown as,

opox (1+p)(1+P)+(1-F)(1-P)

(2.21)
O'APO((1+P1)(1—P2)+(1—Pl)(1+P2)

where op is the conductivity of the parallel state, o4p is the conductivity of the
anti-parallel state. The magnetoresistance ratio can be given with respect to the
high or low resistance state,

RAP - RP Ao 2P1 PQ

= = = 2.22
TR TRy T oap 1o PP 222

where rry g is the TMR ratio, R4p is the electric resistance of a TMR device in
anti-parallel state, Rp is the electric resistance of a TMR device in parallel state
,Ao = op— o 4p is the conductance change between parallel and antiparallel state,

P, and P, are spin polarisations in the pinned and free layers respectively.

However the magnetoresistance ratio in the TMR effect is not a constant property.
In the experiment the TMR ratio decreases with the increase of supply voltage
(Figure 2.13). The decrease was almost linear so the TMR effect is more likely to
have a constant bias change than a constant resistant ratio. The result also shows
the annealing process helps to increase the TMR ratio, because it increases the

quality of the interface.

2.4.5 Quantum tunnelling magnetoresistance

The quantum tunnelling magnetoresistance (QTMR) is a combination of a quan-
tum dot single electron transistor and a TMR spin-valve [45]. The structure of
QTMR is similar to TMR, but a quantum dot is used instead of a tunnelling film.
In this structure the tunnelling becomes much more complex, because a spin-flip
is possible inside the quantum dot. To explain this effect we have to explain firstly

what is Coulomb blockade of a quantum dot single electron transistor.

The coulomb blockade requires that the dot charging energy is larger than the
thermal energy in order to avoid tunnelling current generated by thermal excita-
tion (Equation 2.24). The coulomb blockade also requires the resistance between

the pads and dot to be larger than the quantum resistance to prevent classical
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FIGURE 2.13: Bias dependence of TMR for a Co/GayOg3/NigoFegy junction
with 1.4 nm thick GayOs3 layer at a temperature of 77 K. The empty circle was
from a device as-grown whereas the solid triangle was from a device after 1 hour
vacuum annealing at 140 °C. In both devices the TMR ratio decreases when
the absolute value of the bias increases. After Li et al [42], copyright AIP

. Ferromagnet l:' Quantum dot . Gate electrode

FIGURE 2.14: Schematic diagram of a quantum tunnelling magnetoresistance

spin-valve with a side gate. The left hand side is a pinned pad, the middle is a

quantum dot, the right hand side is a free pad, underneath is a side gate. The

electrons with spin-up and spin-down show the transport when spin polarisation
is 100%

current (Equation 2.25). The quantum resistance, Ry ~ 12906.4(2 comes from the
quantum conductance, Gy ~ 7.74809 x 10=°Q~!. In a ballistic transport system
such as a conductive point contact, the conductance has to be an integer multiple

of Gy, shown as,
Go = 2¢*/h (2.23)

where e is the charge of an electron and h is Plank constant. It is not necessary

that all types of conductance have to be an integer multiple of G, but only the
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ballistic channels. When the resistance is larger than the quantum resistance
there is no classical current, but only tunnelling current through the blockade.
This requirement is mathematically described as,

2
B.=S > B =kl (2.24)

Ci
where e is the charge of an electron, C} is the total capacitance of the quantum dot,
E. is the charging energy, E; is the electron thermal energy, kp is the Boltzmann
constant, T" is the temperature. The ballistic resistance is required to be larger

than the quantum resistance,

R, > Ry ~ 12906.49) (2.25)

When the system meets the requirement of a coulomb blockade, the number of
electrons inside the quantum dot can be tuned by the gate voltage by controlling

the energy state of the dot shown as,

(&

- 2.2
e (2.26)

e

Ve = ne [Vas| < Ve
where Vj is the gate bias, n is the number of electrons inside the quantum dot,
e is the charge of an electron, C} is the total capacitance of the dot C; = C; +
Cr + Cyq+ Cy4, Cp and C, are the dot to left pad and dot to right pad capacitance
respectively, Cyq is the gate to dot capacitance, Cy is the self-capacitance of the

dot, Vy, is the drain source voltage, Vg is called coulomb blockade voltage.

When £V is at points where n = 0,1,2,3..., the energy of the dot is at a sta-
ble state, therefore there is no current tunnelling through the blockade when
Vis < Vep. However when £V, is at points where n = %,1%,2%,3%... the en-
ergy of the dot is at a unstable state, and the number of electrons inside the dot
starts oscillating between two integers, therefore the current is tunnelling through
the blockade from high bias to low. In a QTMR spin-valve the transport principle
is similar to a coulomb blockade. When n = %, 1%, 2%, 3% there is a tunnelling
current. Moreover, when the ferromagnetic pads behave like in a TMR spin-valve,
the QTMR spin-valve shows low resistance at paralle state whereas it shows high
resistance at anti-parallel state. The difference is that in the QTMR device there
might be a spin-flip inside the quantum dot. It was reported by Weymann et al
in 2005 [46] that only when the dot is empty or doubly occupied the transport is
carried by non-spin-flip tunnelling whose MR is the same as TMR. Otherwise, the

QTMR is reduced below the TMR value, due to electrons losing spin information
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inside the quantum dot. Furthermore, the quantum dot may be partly magne-
tised due to the asymmetry of the pads, this gives another spin polarisation rate
P; (Py <min(P;, Py)). The tunnelling process becomes from P; to P; and from
P; to P,. If we put the worst case P; = 0 in to Equation 2.22, the QTMR ratio is

Zero.

2.4.6 Ballistic magnetoresistance

Ballistic magnetoresistance (BMR) is another type of magnetoresistance different
from GMR and TMR. It happens when electron travel from one magnetic domain
to another adiabatically. For the TMR the electrons tunnel through an insulator
barrier by quantum effect, but for the BMR the electrons travel through an atomic
contact [13] or carbon nanotube (CNT) [47, 48] without scattering but still in a

classical way (Figure 2.15). The conductance of an ballistic transport is [25],
2e2 &
G==">T (2.27)

where e is the charge of an electron, h is the Planck constant, T; is the probability
of transport in channel ¢. For a ballistic channel 7; = 1. G has to be an integer

multiple of the quantum conductance Gy [49] (Equation 2.23).

. Ferromagnet CNT

FIGURE 2.15: Schematic diagram of a BMR spin-valve with (a) an atomic
contact and (b) a carbon nanotube.

Figure 2.16 shows a carbon nanotube BMR spin-valve and its magnetoresistance
curve reported by Tsukagoshi et al in 1999 [47]. A distinct step-like spin-valve
behaviour is shown from the measurement results from three different devices.

Due to non-perfect contact between CNT and Co, the measurement did not show
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the quantum conductance. From these results we cannot determine whether spin-

flip exists when electrons travel through the long channel.

There is another type of ballistic which is similar to AMR. When the ballistic
current is parallel to the magnetisation it is in low conductivity state, whereas
perpendicular shows high conductivity. Figure 2.17 shows an example of such
a device (a,b) and its magnetoresistance curve (c,d) reported by Sokolov et al
in 2007 [13]. From the step like curve it can be seen that a distinct quantum
conductance was recorded in a reproducible step-like magnetoresistance curve.
The conductance has a step value of €2 /h which is half of the quantum conductance
(2¢2/h). The reason is that one of its channel is spin dependnt, either up or down
state spins are able to travel through the channel. It can be seen from Figure 2.17
(d), when the angle between external field and current 6 is between 70 ° and 140 °
the conductance increase by 1 spin quantum conductance. And this behaviour is
distinctively different from AMR.

m:“;_‘ & Ty & = = -~ =
Frete"Go_ _ {

dvid/ (k)

P
e

dvidf the)

P
&

dWid/ (k)

I100 nmI Co

: ‘ :
-100 50 0 50 100
& (mT)

FIGURE 2.16: (a) SEM micrograph of a multi-walls carbon nanotube (MWNT)

spin-valve. (b, ¢, d) Plots of magnetoresistance against of external magnetic

field of three different MWNT spin-valves. The resistance difference is due to

the contact between Co and CNT. The AR/R is approximately 6% in (b), 9%
in (c) and 2% in (d). After Tsukagoshi et al [47], copyright Nature

2.4.7 Colossal magnetoresistance

The colossal magnetoresistance (CMR) is similar to the TMR effect when the spin
polarisation P approaches 100%. If we put P, = P, = 100% into Equation 2.22,
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FIGURE 2.17: (a) Schematic diagram of a BMR spin-valve and its operational
method (b) High-magnification micrograph of a Co atomic contact (c) Plot of
conductance against time of a device shown in (a) rotated with angular fre-
quency, w = 27/T (T = 20 s) in the saturation magnetic field at room tem-
perature. The magnetic field was turned on at an instant indicated by the red
up arrow, after which a periodic magnetoresistance with one quantum conduc-
tance was recorded. (d) Half a cycle, 0 - 180° magnetoresistance curve of what
is shown in (c). After Sokolov et al [13], copyright Nature

the TMR ratio can be co. The CMR exists in a type of materials which change
between metallic and semiconductor in the pure spin current (to be explained in the
following section) by switching its magnetisation direction [50, 51]. The popular
materials are LaSrMnOs and LaCaMnOs, in which Mn*" ions have only t,, -
state electrons, whereas Mn** ions have one electron in e, state (Figure 2.18).
Because of the Hund’s rule coupling, the e, and t,, electrons prefer the same
spin orientation. Thus only spin-up electrons exist in the e, state, and all the
conducting electrons in the material are polarised to its magnetisation direction.
This is known as the half metallic characteristic, because for spin-up electrons
the conductivity is high (similar to metal), whereas for spin-down electrons the
conductivity is low (similar to semiconductor). With this behaviour the CMR can
be as high as 72,000% at 4.2K [52]. At room temperature, the CMR ratio can
still be considerablly larger than 50% [53]. The spin mobility of both metal and
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semiconductor states can be tuned by the contents of Mn'* and Mn3* [54].
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FIGURE 2.18: Schematic diagram of the electron energy states of Mn?+ and
Mn*t ions. Half metallic property is shown in the energy band diagram
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2.5 Spin current and spin torque

Spin current is a type of spin-depended transport. In nano structures this phe-
nomenon is of great interest because of the potential to build spin based logical
devices, such as spin based transistors and memory cells. Research in this area
indicates that the spin polarised carriers can be injected into non-magnetic metal
materials or semiconductors. This was firstly reported by Johnson and Silsbee in
1985 [55]. However, a recent article by Zhang et al (2011) announced a pure spin

current was generated in a graphene without a magnetic injector [56].

Figure 2.19 shows a simple spin injecting and detecting structure. The polarised
spins are injected from the spin injector and driven to the end of a non-magnetic
wire by a driven current. On the other side of the non-magnetic material the
charge current is zero, but the spin up and spin down currents diffuse equally in
opposite directions. A detector with a distance L from the injector can detect
the spin accumulation by a voltage signal. The value of the voltage is positive
when magnetisation of the detector is parallel to the injector, and negative when

antiparallel. The absolute value of the voltage decreases when L increases.

The spin polarisation rate, P is defined as,

_nT—m
ny +ny

P (2.28)

where n4 is the spin-up carrier density, n| is the spin-down carrier density. P is
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FIGURE 2.19: (a) Schematic 3D diagram of a spin current generating structure.
A constant current is driven from a spin injector to one end of a non-magnetic
material. At the detector side, a voltage between a spin detector and the other
end of the non-magnetic material can be detected. (b) Schematic plot of the
potential - position curve. The left and right dashed lines indicate the position
of the spin injector and detector respectively. The green curve (middle) shows
the potential of the classical current. The red curve (upper) shows the potential
of the spin up current, whereas the blue (bottom) curve shows the spin down’s.

proportional to the voltage signal of detector. P decays exponentially with length,
L
P = Pye > (2.29)

where Fj is the spin polarisation rate of the injector, L is the distance between
injector and detector and A is the spin diffusion length. The value of A\ depends on
the type of material, crystal structure, purity of a material and temperature [57].
There are several ways to increase the value of Fy. For example a thin tunnelling
barrier such as MgO [58], similar to what is used in TMR, could help to reduce

the interface spin polarisation loss.

Figure 2.20 shows the difference between a diffuse spin current and a drift spin
current. The diffuse spin current has negative magnetoresistance effect whereas
the drift spin current has positive magnetoresistance. In a diffuse spin current,
the amounts of spin-up and spin-down electrons are similar (unpolarised), but the
carriers flow in opposite direction. In the drift spin current, the spin-up and spin-
down electrons flow in the same direction, but the quantity of each is not equal

(polarised). In a pure spin current all the conducting electrons are polarised in one
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FIGURE 2.20: (a) Non-local diffuse spin current signal as a function of magnetic

field. (b) Local-spin drift spin current signal as a function of of magnetic field.

The measurement geometry schematic diagrams are drawn beside each plot.
After Yang et al [59], copyright Nature

orientation. The local and non-local measurements are shown in the schematic
diagrams in Figure 2.20. Most magnetoresistance effects we have discussed are
local spin-valves, such as GMR and TMR. The domain wall magnetoresistance

which we are discussing below is also based on local measurement.

The spin transfer torque is the interaction between spin polarised current and the
magnetisation in both spin-valves and spin current devices. Magnetoresistance
can be considered as a spin transfer torque interaction of the conducting electron
spins caused by the ferromagnet. However if the spin polarised current is large
enough the magnetisation orientation of the ferromagnet can be changed due to
the spin transfer torque influence. For example, a domain wall can be pushed by
the current through a head to head domain wall structure as reported by Lepadatu
and Xu in 2004 [60] (Figure 2.21). The measurement started from the antiparallel
state with a domain wall in the constriction. As the current increased, it is able to
switch the magnetisation on the other side of the domain wall. Thus in the plot
the resistance decreases at the minimum current required to switch the other side

of the domain wall.
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FIGURE 2.21: (a) SEM micrograph of a head to head domain wall spin-valve

with measurement setup. (b) SEM micrograph of (a) zoomed in. (c, d, e, f)

Plot of resistance to applied current of the device with a constriction width of

(a) no constriction (b) 100 nm (c¢) 200 nm (d) 300 nm. After Lepadatu and
Xu [61], copyright IEEE

2.6 Domain wall magnetoresistance

Domain wall magnetoresistance (DWMR) is the difference in resistance of a single
ferromagnetic material with and without a domain wall. It can be used to make
spin logic circuits [62]. To operate a DWMR spin valve, the magnetisation of the
domains can either be switched by an external magnetic field or even a spin current.
Spin current induced domain wall movement could help the DWMR effect being
established in industry, for it is capable of complete solid state magnetic based

storage devices [35].

In 1999, Bruno [19] proposed that in nano-structured devices the domain wall
width can be constricted by geometric means. A sudden large expansion of the
magnetic area will constrict the domain wall as the cost of increasing the area of the
domain wall outweighs the exchange interaction. DWMR occurs when electrons
travel from one side of the magnetic domain wall to another non-adiabatically.
It is reported in many different structures (Table 2.4). In line-shaped devices,
the magneto-resistance effect of the domain wall is relatively small because the
classical resistance of the line hides the DWMR effect. In the point connecting
structure the magnetoresistance can be very large due to the ballistic transport

of the electrons, but the fabrication procedures such as mechanical break junc-



30 Chapter 2 Magnetism and electron-spins
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FIGURE 2.22: Plot of F' (§) as a function of £ = w/Ar where w is the domain
wall width and Ap is the spin diffusion length. After Ieda et al [21], copyright
MMM

tions [22],electrical break junctions [23] and electrochemical junctions [24] are not
suitable for industrial applications [25], and the measurements are subject to arte-

facts [26]. An overview is given in Table 2.4.
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FIGURE 2.23: Schematic diagram of a domain wall magnetoresistance spin-

valve at (a) parallel and (b) antiparallel state. The spin transport shows an

ideal situation when in a material with a spin polarisation rate 100%, which
could result very large DWMR

The DWMR phenomenon could be explained by the collision between the carrier

spins and the domain wall. Morosov and Sigov in 2004 [20] reported a multilayer
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TABLE 2.4: Overview of research work on domain wall magnetoresistance

Structure Researcher year Found

Line Lepadatu et al [36] 2010 Spin current domain wall pinning
Haug et al [§] 2009 Domain switching process
DWMR ratio 0.06%
Bogart et al [9] 2009 DWMR wire width & thickness
Ebels et al [12] 2000 DWMR in a straight wire
DWMR ratio 802/139092 at 77K

Head to Arnal et al [10] 2007 Ion beam etched DWMR structure
head MR ratio 0.5k€2/41kS2
domains Lepadatu et al [60] 2004 RM ratio 0.13%
Ruster et al [11] 2003 Further etching the wire DWMR structure
DWMR ratio 2000% at 4.2 K
Miyake et al [63] 2002 MR ratio 0.8Q2/5812 at 50K

Ring Chen et al [5] 2007 Magnetic tunnel ring junction
8% MR ratio
Klaui et al [4] 2003 34nm bottle neck in a ring
MR ratio 0.5 /1189

Lai et al [6] 2003 MR ratio 0.052/47.12
Yu et al [64] 2003 8 half rings in series
MR ratio 0.3% at 10K
Zigzag Gao et al [65] 2004 MR ratio 0.05% at 300K
Cross Tsai et al [15] 2002 0.1% at 250K

Xu et al [16] 2000 45° domain wall
MR ratio 0.04€2/136.26%2

Bridge Hickey et al [66] 2008 bridge size 200nmx200nm
0.06% DWMR
Ruotolo et al [17] 2007 bridge size 3umx500nm
MR ratio 0.6% at 4.2K
Claudio-Gonazalez 2010 bridge size 60nm x41nm
et al [18] estimated MR 1.53(2

Atomic  Sokolov et al [13] 2007 MR ratio 1/7 €?/h(quantum conductance)
contact ~ Montero et al [14] 2004 MR ratio 2€/105052

pinhole Prieto et al [67] 2003 DWMR 0.1Q at 77K

Bloch wall electron scattering model shown as,

Ao N 47r2Ef7'

—r—— Tl 2.30

where o is the conductivity, £ is the electron Fermi energy, 7 is the electron mean
free time across a Bloch wall, h is the Planck constant, kr is the electron wave

vector component, b is the mean domain thickness, L is the Bloch wall thickness,

q = kI —kI. kI kI arethe Fermi wave vectors of sub-bands. For example,

min’ Ymax’ "Vmin

with E; =3 eV, 7=10"3 s, kp =1 A1 b=100 A, L =20 A and ¢p = 0.1 A,
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one finds Ao /og = 0.02 [20]. The DWMR phenomenon can also be explained by

a spin accumulation model as reported by Ieda et al [21], and described by,
AR =2P?poA\p AT F (€) (2.31)

where P is the polarisation of the conduction spin, pg is the classical resistivity,
Ar is the spin diffusion length, A is the cross sectional area of the constriction,
and F (§) is a function of the ratio w/Ap in which w is the domain wall width.
Reduction of the domain wall width will increase F' (§)’s value [21] (Figure 2.22).

In this report we are going to introduce the fabrication and magnetoresistance
measurement results of an H-shaped spin-valve in nanometer size. Especially we
are going to discuss the physics of the domain wall magnetoresistance when the
domain wall width is constricted down to sub-50 nm region. Figure 2.23 shows the
schematic diagram of the H-shaped spin-valve in both the parallel and antiparallel
state. Similar to TMR and GMR, the resistance is low in the parallel state and
high in the antiparallel state. The magnetoresistance ratio is largely influenced by
the material’s spin polarisation. The electron spins transport in Figure 2.23 relates
to the ideal case when P = 100%. The geometrical parameters of our DWMR spin-
valve include the width of the high coercive side, W},, the width of the low coercive
side W, the length of the bridge 2dy, the gap width W, (W, = 2d,), the width of
the bridge s and the height of the domain s;. The operation of the H-shaped spin
valve is controlled by W) and W;, whose value determines the switching point of

each domain in a sweeping external manetic field.

Fangohr et al have previously shown using a micro-magnetic simulation that the
domain wall width can be reduced by scaling the geometrical size of the bridge
either through a reduction of the sy/s; ratio or through limiting the bridge length
2dy [30]. Using the so/s; ratio of 0.05, 0.10 and 0.15, we can calculate the value
of the domain wall width once demagnetisation effects are taken into account
(Figure 2.24). This calculation is based on Bruno’s domain wall width model
(Equation 2.12). If we put the so/s; = 0.10 results of the wg, into Equation 2.31,
together with a spin polarisation of P = 20%, Ar = 21 nm and py = 520 nQm [18§]
we arrive at a value of AR/R as a function of 2d, (Figure 2.25). It can be seen
that the DWMR ratio is expected to increase significantly when the bridge length

is shorter than 20 nm.

A similar structure was reported by Hickey et al in 2008 [66] (Figure 2.26). The
magnetoresistance ratio was reported to be between 0.04% and 0.08%. Their

MOKE measurement magnetic hysteresis curve indicates that the antiparallel state
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FIGURE 2.24: Plot of domain wall width as a function of bridge length of an
H-shaped spin-valve. sg is the width of the bridge and s; is the height of the
domain.
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FIGURE 2.25: Plot of the domain wall width wg, (left hand side curve blue)
domain wall magnetoresistance ratio AR/R (right hand side curve green) as a
function of bridge length 2dy of an H-shaped spin-valve with sg/s; = 0.10.
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in the tank structure (Figure 2.26b) is more distinct than the rectangular one
(Figure 2.26a). The tank’s magnetoresistance curve has better step-like shape,
because its shape anisotropy is larger. The domain wall of their H-shaped device
was not constricted, for the geometrical size is much larger than the constrained
region. And inside those domains there are multiple number of domain walls

because of its big size and non-perfect thin film.
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FIGURE 2.26: SEM micrographs of the (a) rectangular and (b)tank shaped
H-shaped structure. (c, d) Plots of M, /M, (left hand side black empty squares)
and Ap/p (%) (right hand side blue solid dots) as the function of applied external
magnetic field (Oe) of (a, c¢) respectively. After Hickey et al [66], copyright ATP

Another type of DWMR could be a pin-hole spin-valve between two magnetic
pads (Figure 2.27). The behaviour of the pin-hole spin-valve is similar to a cur-
rent perpendicular to plane GMR or TMR, for is has parallel and antiparallel
states showing low and high resistance, respectively. The pin-hole spin-valve’s do-
main wall width Wy, is determined by the height of the pin-hole h which can be
controlled by the separation layer’s thickness. The diameter of the pin-hole d is
limited by the resolution of the e-beam lithography. The domain wall of a pin-hole
spin-valve is determined by the value of d/h [68]. It is Bloch type if d/h > 1.35
whereas it is Néel type if d/h < 1.35. The advantage of the pin-hole spin-valve is
that wg, can be constricted down to sub-20 nm region, therefore it may have large
magnetoresistance ratio. The drawback is that the capacitance between two pads
could be significant which increases the RC' time and reduces its operating speed.
Especially when A is scaled down to sub-10 nm the exchange coupling between

two domains and tunnelling current may also cause problems.
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Switchable ferromagnet

[E] pinned ferromagnet [E] Pin bole filled with ferromagnetic material

FIGURE 2.27: (a, b) Schematic diagram of a pin hole DWMR spin-valve at (a)

parallel and (b) antiparallel states. (c, d) Schematic diagram of a (c) Bloch type

domain wall inside a pin hole whose d/h > 1.35 and (d) Néel type domain wall
d/h < 1.35. d is the diameter and h is the height of the pin hole.
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FIGURE 2.28: (a) 3D schematic diagram of a multi-pin-hole spin-valve structure

and the domain wall inside a pin-hole. (b) schematic diagram of a pin-hole

cross section. (c¢) plot of magnetoresistance ratio as a function of the pin-hole

diameter, r. (d) plot of magnetoresistance ratio as a function of the neighbour’s
dy/ds ratio. After Sato et al [69], copyright IEEE
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Figure 2.28 shows the theoretically expected magnetoresistance ratio from a multi-
pin-hole spin-valve structure reported by Sato et al in 2010 [69]. Figure 2.28(a)
shows a possible structure of a pin-hole spin-valve. Figure 2.28(b) shows the
material and geometrical parameters of the pin-hole spin-valve for simulation.
Figure 2.28(c) shows that the magnetoresistance increases when d decreases, but
reaches a peak at about 1 nm and decreases suddenly when d is below 1 nm.
Figure 2.28(d) indicates that the size variations of the diameter of the pin-holes

reduces the magnetoresistance ratio.
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Development of e-beam and

helium ion beam writing

3.1 Device layout

Nano fabrication is one of the most important technologies in both research and
industry. Applications such as computing, communication, health care, energy
and material science are benefiting from nano fabrication technologies. In this field
the control of size and shape is critically important, because smaller features could
result in larger density, lower power consumption, better portability and multi-
functionality. The size control can be achieved by patterning method also known as
top down approach and self-assembling bottom up process. The nano fabrication
we use is top down and is mainly cleanroom technologies such as lithography,
metallisation, etching, lift-off, ion beam milling etc. In this chapter full fabrication
procedures of the H-shaped domain wall magnetoresistance (DWMR) spin-valve
are introduced, including structure design, lithography, metalisation, lift-off and
helium ion beam milling. The purpose is to fabricate measurable DWMR, devices

where the domain wall constriction width is as narrow as possible.

Figure 3.1 shows a schematic diagram of the cross section view of the device
structure. The substrate is a < 100 > P-type 6" silicon wafer with 100 nm SiO,
thermally grown on the front side. The first and second Au layer is patterned
by photolithography as such large areas would lead to too long exposure time
in e-beam lithography. The third and fourth Au layers are patterned by e-beam
lithography to achieve a high alignment accuracy to the magnetic layer and further

reduces the layer thickness from 20 nm to 12 nm. The device is fabricated as

37
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the fifth (last) layer to avoid damage caused by further processing. A number of
fabrication ideas have been processed to achieve this final structure. For simplicity
we do not introduce all intermediate structures. The reason why a 5-layered

structure is necessary will be explained below.

Second D First gold layer D Second gold layer
D Third gold layer D Forth gold layer

300nm Au Forth Fifth Device layer

. 60nmAu
First Third Fifth
22nm Au+3nm Cr 7 | 10nmAu 20nm Ni
(a—
100nm Si05

FIGURE 3.1: Schematic diagram of the cross section view of the fabrication
processes. The first and second layers are fabricated by photolithography and
metal lift-off. The subsequent layers are patterned by E-beam lithography.

The first Au layer is patterned by photolithography instead of e-beam lithogra-
phy, because this reduces the e-beam exposure time which is very expensive. In
addition during e-beam exposure it is necessary to use proximity effect correction
to reach the correct exposure dose. To simplify the proximity effect correction, it
is advantageous to have large patterns in a different exposure from the small ones.
The details about the proximity effect correction will be discussed in Section 3.5.
The second 300 nm thick Au layer by photolithography is to put measurement
probes on. Patterns in this layer should be far (2 mm) from the e-beam patterns,
because 300 nm Au is thicker than an single layer of e-beam resist (around 100-
250 nm) and influences the e-beam resist coating. This is also the reason why the

thickness of the connecting wires in the first layer is limited to 25 nm.

The device has to be fabricated in the final layer to avoid variation or damage
caused by Au contact processes. For example the Ni thin film could be oxidised
during baking or etched in developer. An experimental result shows that the Ni
became non-conductive after the deposition of a Au layer as shown in Figure 3.2.
Figure 3.2(a, b) are images of a non-conducting device taken by helium ion-beam
microscope with (b) at higher resolution than (a). It can be seen that the Au
wires are connected to the Ni film. The [-V measurement indicates that the Au
wires were conducting, but the Ni film was not. The Ni film has been confirmed
to be conductive before the Au layer is put on, therefore it became non-conductive

during the following processes. All the e-beam resist spinning, baking, exposure
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and development processes have direct contact with the Ni thin film. Any damage

during these processes could result in degration to the Ni film. The third Au
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FIGURE 3.2: (a, b) 45° tilted HIM micrograph of the connection between the

Au and Ni thin film. It can be seen two Au wires are on top of a piece of Ni film

and there is almost no gap between the two metal layers. They are showing the
same device with different magnification.

layer fabricated by e-beam lithography is for lithography alignment purpose. The
maximum allowed value of the alignment mismatch to connect a Au wire to our H-
shaped spin valve is smaller than 50 nm. Figure 3.3 shows a schematic pattern to
explain the alignment allowance. Figure 3.3(a) shows the connection between the
Ni film and Au film. The limit of alignment is on the narrow (high coercive) side
of the spin-valve. Figures 3.3(b,c,d) show the far right, middle and far left allowed
positions of the Ni film. The alignment mismatch between a photolithography
layer and an e-beam lithography layer is larger than 50 nm, because the aligner
EVG620T’s UV lamp has two energy peaks around 365 nm (i-line) and 436 nm
(g-line) whose pattering size variation is about 100 nm. The size variation of
the photolithography could come from the resist spin coating, gap width between
mask and wafer, development condition and lamp’s age, but largely depended on
the exposure wave length. The same variation in e-beam lithography can be well
controlled down to sub-20nm region. The fourth layer of Au is used to connect
the first and third layers. When we put a thin layer on top of a thicker layer, there
is a gap at the joint. Figure 3.4(a) shows the position where the disconnection
happens. Figure 3.4(b) shows the gap between two layers which results an open

circuit. Thus a fourth layer of Au thicker than both first and third layers is used
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FIGURE 3.3: (a) Schematic diagram of an H-shaped spin-valve connecting to

two Au wires. The distance between two dots is 50 nm. (b) maximum allowed

displacement to the far right. (c) non-displacement position. (d) maximum
allowed displacement to the far left

Ist Au layer

Ist Au Layer 3rd Au Layer

— lpm JEOL 1/11/2011 — 100nm JEOL 1/11/2011
15.0kV SEI SEM WD 20mm 3:16:11 15.0kV SEI SEM WD 20mm 3:17:39
FIGURE 3.4: (a) SEM micrograph of a gap between the first and third Au layers
without the fourth. (b) tilted SEM micrograph of the disconnected gap at higher
magnification. A schematic diagram shows the cross section of overlapping and
the imaging angle
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to solve this problem. The reason why a gap appear here is due to the positive
photoresist lift-off which is explained in the following section. The fabrication
procedures could be found in Tables 3.1 and 3.2. Details of each process are

introduced in the related sections.

TABLE 3.1: Fabrication procedures of photolithography

Procedures Steps

Layer 1 Au 6" wafer < 100 > P 1-36 (2
Oxidation Thermal oxidation 100nm Wet
Lithography Dehydration for 2 hours 210 °C

S1813 at room temp 30 min
Spinning 5000 rpm 1.2 um
Hot-plate 95 °C for 2 min
Exposure 620T 1.8 s 36 mJ/cm?
Developer FM319 30-32 s
Water rinse 30s

Au deposition Au 22 nm on Cr 3 nm BAK600
Room temperature 5 x 1075 mBar
Cr deposition rate 5 A /s
Without breaking the vacuum
Au deposition rate 1 A/s

Lift-off Machine Soak 3x2 min NMP
1.5 Bar NMP spin speed 200 rpm
0.5 Bar Water spin speed 200 rpm
N2 blow + spin 1500 rpm dry

Layer 2 Au 6" wafer

Lithography Dehydration 2 hours 210 °C
AZ9260 room temp 30 min
Spinning 4000 rpm 6 pm
Hot-plate 110 °C for 165 s
Room Temperature 30 min in Air
Exposure 620T 12 s
AZ400:water 1:3 for 105 s

Au deposition Au 300nm BAKG600
Room temperature 5 x 1075 mBar
Deposition rate 1 A /s

Lift-off Machine Soak 5x 2 min NMP
1.2 Bar NMP spin speed 200 rpm
Water clean spin speed 200 rpm
N2 blow + spin 1500 rpm dry
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TABLE 3.2: Fabrication procedures of e-beam lithography

Procedures Steps
Layer 3 & 4 Au  25x45 mm? chip
Lithography No dehydration

Au deposition

Lift-off

Layer 5 Ni
Lithography

Ni deposition

Lift-off

PMMA MMA room temp 30 min
MMA spinning 5000 rpm 150 nm
Hotplate 150 °C for 65 s

PMMA spinning 5000 rpm 250 nm
Hotplate 180 °C for 65 s

Exposure dose 800 pC/cm?2
Developer MIBK:TPA 1:1 90 s

IPA rinse 30 s

Au 12 nm L3 & 60 nm L4 LAB700
Pressure 5 x 107% mBar

Soak power 10%

Deposition rate 1 A /s

Manual soak in acetone 10 min
Gently blow with pipette

25 x45 mm? chip

No dehydration

PMMA MMA Room temp 30 min
MMA spinning 5000 rpm 150 nm
Hotplate 150 °C for 65 s

PMMA spinning 5000 rpm 250 nm
Hotplate 180 °C for 65 s

Exposure dose 1000 xC/cm?
Developer MIBK:IPA 1:3 120 s
IPA rinse 30 s

Ni 20 nm + Au 2 nm LAB700
Pressure 5 x 107% mBar

Ni soak power 23% 25 min
Deposition rate 1 A/S at power 20%
without breaking the vacuum

Au soak power 10%

Deposition rate 1 A /s

Manual soak in acetone 5 min
Gently blow with pipette
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3.2 Photolithography

Photolithography is widely used in the semiconductor industry in both micro-
and nano-fabrication. It selectively removes parts of a thin layer of photoresist to
generate patterns on a substrate. Similar to photography, it uses light to transfer
patterns from mask to photoresist and washes away the exposed (positive photore-
sist) or unexposed (negative photoresist) area chemically. The intensity of the UV,
DUV or EUV light is high and the sensitivity of the resist is relatively low such
that being exposed to yellow light does not lead to the exposure. The minimum

feature size of the contact mode is given by [70],
CD = eV h (3.1)

where C'D is the minimum feature size (critical dimension), ¢ is a constant in most
cases equals to /2, X is the incident wavelength and A is the thickness of resist.
As we are using a hard contact mode, there is no gap between photoresist and
mask. We can calculate for our aligner EVG 620T with a wavelength of (i-line)
365 nm and 1.2 gm S1813 photoresist C'D is about 936 nm.

The experimental difference between positive and negative photoresist is summa-
rized in Table 3.3. For lift-off processes it is required that the resist is removed
in areas where metal is required. For the positive resist, the metal patterns de-
signed in the software (Layout Eidt Pro. v11, L-edit) is transparent on the mask.
We call this dark field mask which means the empty fields in the design are not
transparent on the mask. For the negative photoresist, we still draw the metal
pattern in the design, but make a light field mask afterwards. The light field mask
means the empty fields in the design are transparent. During exposure the resist
close to the mask absorbs more energy than the bottom, thus the side wall of the
positive resist has an acute angle whereas the negative has an obtuse angle. An
obtuse angle results in an undercut naturally, therefore in most lift-off processes,
negative resist is preferred. However, in our experiment positive resist was used
due to the requirement of electron beam alignment. Figures 3.5 and 3.6 show the
lift-off process of the two types of photoresist. Due to the shape of side wall, the
edge of metal film is tilted up when positive resist is used. This structure has
better electron back scattering signal which gives better E-beam alignment. Fig-
ures 3.7 and 3.8 show the SEM micrographs of the cross section view of positive

and negative resists respectively after metal deposition.
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Metal deposition

(d)

. Resist left Resist removed Metal . Substrate

FIGURE 3.5: Schematic diagram of cross section view of positive photoresist

lift-off (a) light field mask exposure. Metal is deposited on the transparent area.

(b, ¢, d) lift-off processes. The edge of metal films is tilted up, due to the shape
of resist.
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FIGURE 3.6: Schematic diagram of cross section view of negative photoresist
lift-off (a) dark field mask exposure. Metal is deposited on the non-transparent
area. (b, ¢, d) lift-off processes. The edge of metal films has a down slope, due
to the shape of resist. (b) Descum process to clear the resist dots on the bottom
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$1813 photoresist \ 100nm Gold
1um

200nm Gold

3/15/2010
11:31:18

FI1GURE 3.7: SEM micrograph of the cross section view of S1813 positive pho-

toresist after Au deposition. The exposure condition was 5000 rpm room tem-

perature spinning, 95 °C baking for 2 min, exposure dose 365 nm - 436 nm i-line

+ g-line 20 mW/cm? x 1.8 s (36 mJ/cm?), development in FM 319 RT 30 s,
and water rinse 30 s.

AZ2070 3.8um

JSM 6500F SEI 10.0kv  X14,000 Tum WD 10.2mm

FicUure 3.8: SEM micrograph of the cross section view of AZ2070 neg-
ative photoresist after aluminium deposition. The exposure condition was
6000 rpm RT spinning, 110 °C baking for 1 min, exposure dose 365 nm i-line
9.5 mJ/cm? x 7.9 s (75 mJ/cm?) , development in AZ726 MIF for 75 s and
water rinse 30 s. (Thanks to Dr. Kai Sun for supplying the SEM image)
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TaBLE 3.3: Difference between positive and negative photoresist for lift-off

process
Photoresist Positive Negative
Cleared area exposed unexposed
Mask dark field light field
Resist side wall < 90° > 90°
Undercut additional layer required undercut naturally

Lift-off pattern edge tilted up down slope

Descum not required required
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FIGURE 3.9: Schematic diagram of the alignment mark and the optical micro-

scope micrograph of the patterns after alignment. (a, b) resolution test patterns

for the second and first layers respectively. (c) The layer number. (d, e) align-

ment marks for low magnification microscope, 2 pum accuracy. (f) alignment

mark for coarse alignment, 1 pm accuracy (g, h) alignment marks for fine align-

ment, 0.5 pm accuracy. (i) Name for the upper or under layers. (j) Name of
alignment marks



Chapter 3 Development of e-beam and helium ion beam writing 47

A B c

FIGURE 3.10: The optical microscope micrographs of the resolution test pat-

terns of (a) AZ2070, (b) S1813 and (c) AZ9260. The wavelength used in the

test was 436 nm. The resist thickness is (a) 3.6 pm, (b) 1.2 ym and (c¢) 6 pm.

According to Equation 3.1, in the hard contact mode the theoretical resolution

is (a) 1.7 pm, (b) 1 pm and (c) 2.3 pm. The experimental results are (a) 2 pm,
(b) 1 pum and (c) 3 pm.

Figure 3.9 shows the photolithography alignment mark design and an optical mi-
croscope image of an alignment result. Figures 3.9(a, b) are resolution sensors
to detect the resolution in an exposure. Some alignment mismatch is due to the
low resolution, thus the sensor is needed. For example the resolution of S1813
(1.2 pm), AZ2070 (3.6 pm) and AZ9260 (6 pum) was tested to be 1 pm, 2 pm
and 3 pum, respectively (Figure 3.10). Figure 3.9(c) indicates the number of which
layer the mark is on. In some project there are more than 10 masks. This num-
ber could help to recognise which layer the mark belongs to, especially for the
marks on the wafer. Figures 3.9(d, e) are alignment marks used in an aligner with
only low magnification microscopes. The alignment accuracy is better than 2 pym.
Figure 3.9(f) is the alignment mark for coarse alignment whose accuracy is about
1 pm. Figures 3.9(g, h) are alignment marks for fine alignment whose accuracy
is about 0.5 pm. Figure 3.9(i) is to indicate which layer is being focussed on by
the optical microscope during the alignment process Figure 3.9(j) is the name of
the alignment mark. For example, ‘A’ is to align Layer 2 to Layer 1 and ‘C’ is to

align Layer 4 to Layer 2.

3.3 Metal evaporation

The thin film magnetic material and Au wires are deposited by an electron beam
evaporator. The material is placed in a crucible and heated up by an accelerated

electron beam in a vacuum environment. The metal atoms will be evaporated and
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deposited on all surfaces facing the crucible. The deposition rate is tested by a Au
crystal sensor. The thickness deposited on the sample is proportional to the sensing
thickness. The ratio between the deposition and sensing, also known as ‘tooling
factor’ is tested by the average of 3 depositions. The evaporator Leybold Optics
BAK600 and LAB700 will be used in the experiment. Numerous facts influencing
the film quality, such as beam deflection, soak power, soak time, vacuum level and

substrate temperature will be discussed in the next few paragraphs.

¢ )(§) (g €

Dot Line Circle Random

FIGURE 3.11: Schematic diagram of electron beam deflection patterns of the
evaporator. The outer circle indicates the edge of the crucible and dots are the
beam spots.

The deflection is controlled by a voltage bias added in a plane X-Y perpendicular
to the beam path. Figure 3.11 shows some commonly used deflections. The beam
spot in the crucible is a dot when no bias is added, a line shape when only X or
Y has an added sine signal, a circle when X and Y are added sine signals with
the same frequency but a 7/2 different phase and random when adding random
signals. Which spot to use is determined by the size of the beam spot and crucible,
material and deposition rate. The spot and circle shapes are frequently used. In
the BAK600, the crucible size is around 1.5 cm in diameter, for most materials
the dot pattern is used to get a stable deposition rate and a uniform film. In
the LAB700, the crucible is about 5 ¢m, so normally circular deflection pattern is

preferred.

In our evaporators several parameters need be considered to control the electron
beam power, such as rise time, soak time, soak power and deposition rate. The
acceleration voltage is a constant value in the evaporator, and the soak power is
a percentage value proportional to the emission current. Figure 3.12 shows the
power versus time curve of a deposition cycle. The soak power 1 is the power the
evaporation is about to start but almost no deposition happens at this power. It

requires rise time 1 to increase power and keep this power for a period which is
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sP1 b < 0.1A/s

Time

RT1 ST1 RT2 ST2 Deposition Ramping time

FIGURE 3.12: Plot of power against time of a deposition process. The parame-
ters rise time (RT), soak time (ST), soak power (SP), deposition rate (R;) and
ramping time are set manually in the evaporator

called soak time 1. This process ramps up the power evenly to prevent exposure
due to the uneven heating. The soak power 2 is normally the power which gives
the required deposition rate. The calibrated soak time 2 and soak power 2 can give
an even deposition rate when the evaporation starts. For some materials requiring
high purity such as Ni a long soak time 2 can help to get rid of oxide on the surface
of the material. However for expensive materials such as Au a short soak time 2
could save the cost. Normally the deposition rate setting is the same rate as soak
power 2, but in our experiment, a higher soak power 2 is selected to clean the
seed before deposition starts. A ramp down time after evaporation is unnecessary
for most materials. It could help to release strains due to the fast cooling, which
might cause exposure when it heats up next time. In magnetic materials, the
strain could result in magnetisation in a certain direction as we discussed before
and it will generate a magnetic field around the crucible. In the evaporation we
do not want the electron beam to be bent by an unexpected magnetic field so a

ramping time is necessary for Ni deposition.

High vacuum gives better film quality. In our project, all the four layers are
deposited under a vacuum of 5x107% mBar. Also a heated the substrate during
the evaporation could help to increase the film quality. However, in a lift-off
process it is better not to heat up the resist, because the resist may become hard

and difficult to remove. We hence left the substrate at ambient temperature.

The Ni thickness should be as low as possible to avoid out of plain field, because
in thin film fabrication evaporated Ni is not a continuous film but has a grain size
(cannot be detected in our cleanroom). If it is too thick there will be magnetisation

perpendicular to the film. However the reduction to thin film thickness was limited
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by several factors. Firstly the Ni film has to be thicker than the Au layer to get
a good electric contact (low contact resistance). In the first device the Au wire
thickness was 20 nm, so the minimum Ni thickness had to be 20 nm. In the later
experiment we optimized the fabrication processes and the Au film thickness was
reduced to 12 nm so that the Ni film thickness can be reduced to 14 nm.

3.4 Lift-off

The process of lift-off has already been introduced in the photolithography process.
We have explained why we use positive photoresist for lift-off. The drawback
of positive photoresist lift-off is that on the slope there is a thin layer of metal
connecting the bottom and top layer (Figure 3.7). This connecting layer is thinner
than the planar film, it requires high pressure (up to 1.5 Bar) solvent in the lift-of
to remove this. Figure 3.13 shows the results of a manual and machinery lift-off
experiment. It can be seen the metal on the slope stayed after manual lift-off but
was completely removed by machinery lift-off. This problem only exists in the
single layer positive photoresist lift-off, but not in a double layer resist with an

undercut which will be introduced in the following section.

FIGURE 3.13: Optical microscope micrograph of (a) manual (b) machinery lift-

off results. It can be seen that in the manual lift-off the island structure like

in the letter ‘B’ is not removed and the edge is not clean, whilst the machine
lift-off does not have problems like this.
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3.5 Electron-beam lithography

3.5.1 Introduction

Electron beam lithography is a common technology for nanometer sized patterning.
Compared to photolithography it has smaller diffraction effect. As we discussed
in the photolithography section the minimum pattern size is limited by the lamp’s
wavelength. The de Broglie wavelength of an electron (4 pm at 100 kV) is much
shorter than wavelength of EUV (10 nm - 120 nm). The e-beam lithography is
a powerful tool in an experimental lab, but in industry it is not widely used due
to its slow writing speed in production processes. However, an instrument named
MAPPER (massively parallel electron beam lithography) is being developed to
increase the writing speed by generating as many as 13,000 electron beams to write
in parallel. It can supposedly write ten 150 mm wafers per hour at a resolution of
45 nm [71].

In our experiment both the H-shaped Ni structure and the Au wires which it
aligns to, are fabricated by e-beam lithography and lift-off. In this section, I
am introducing the fabrication procedures of the e-beam lithography in detail,
especially the method of operating the JEOL 9300FS e-beam lithography system
to get high alignment accuracy and the electron beam energy proximity effect
correction with the Genesis software. A checkerboard dose sensor and its exposure
results are introduced to show the agreement of proximity effect correction theory
and experimental practice. At last the limitation of e-beam lithography in the
lift-off is discussed together with the cross section micrographs taken by scanning

electron microscope (SEM) and helium ion beam microscope (HIM).

3.5.2 Exposure dose and proximity effect correction

As mentioned before, a good lift-off requires an under-cut to separate the top
and bottom layers of metal. A common combination is a polymethy methacrylate
(PMMA) layer on top of a copolymer (MMA) layer. The molecular weight of
the PMMA is larger than the MMA, thus MMA is dissolved faster than PMMA
in developer after exposure. Therefore an under-cut structure is created. In our
experiment PMMA and MMA bi-layer structure was tested with different exposure
conditions. The recipe of processing a PMMA on MMA exposure and lift-off can

be found in Table 3.2. The exposure dose is the electron density to be injected
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into the e-beam resist during exposure. The dose is proportional to the energy
injected in the exposure area. Due to the electron scattering effect the energy
distribution has a wider range than the electron beam spot size. Therefore the
profile of the removed resist is always slightly different from the exposure pattern.
This causes big problems when the patterns are dense and on the nanometer
scale. A proximity effect correction (PEC) is introduced to solve this problem by
calculating the energy density distribution of an exposed area. Then the pattern

can be exposed by optimised shape and dose.

The software we used to do the PEC calculation is called Layout BEAMER de-
veloped by GenISys GmbH (Germany) [72]. In the software the exposure energy

is given as,

E(z,y) = D(z,y)® f(r) (3.2)

where E' is the absorbed energy in resist, D is the applied dose and f(r) is point

spread function given by a multi Gaussion function,

f (1) == (ga (1) + 01651 (r) + 03942 (1) +07gs (1)) / (1 +v1 +va+ 1) (3.3)

where g, is a normalised Gaussion of width o, « is used for short-range effects such
as scattering in the resist, 5 & 7 are for the long-range back-scatter contribution

and v & v are for the mid-range effects.

There are two types of PEC which are shape PEC and dose PEC. The shape
PEC changes the shape of designed pattern in the exposure process to correct
the energy distribution to get the designed pattern. The dose PEC exposes the
pattern as it is designed, but uses various of doses in the pattern area. There is a
base dose in the dose PEC exposure and the dose variation is based on the base
dose, for instance from -20% to 60% of the base dose. For ultra high resolution
exposures, both of these methods should be used together to correct the energy
distribution. In our experiment only dose PEC is considered. To test the base dose,
we developed a checkerboard dose sensor (Figure 3.14). Firstly expose the dose
sensor on PMMA + MMA e-beam resist with different doses, for example from
375 uC/em? to 525 uC/cm? with a step of 25 nm. Then check the result under an
high resolution SEM, such as JEOL 7500 field emission SEM. Figure 3.16 shows a
group of exposed patterns from under dose to over dose. The size of the beam blur
can be measured from the micrographs of checkerboard. Figure 3.17 shows a plot
of the beam blur as a function of the exposure dose from a dose test experiment.

The circles are experimental points, and the correct base dose was determined to
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be 500 puC/cm?. Figure 3.15 shows an interesting result found during dose test
experiment. The diameter of an island structure cannot be smaller than twice the

size of the undercut. Otherwise the island structure disappears because the MMA

-

layer is all etched by the developer.

Under dose Best dose Over dose
Beam blur: 5 nm 25 nm 50 nm

FIGURE 3.14: (a) Schematic diagram of the checkerboard dose sensor. (b)

schematic diagram of E-beam resist of the under exposure, correct exposure

and over exposure. (c) schematic diagram of the measurement of beam blur
size. The blue areas are empty after development

FiGURE 3.15: SEM micrographs of a checker board exposure on the PMMA

+ MMA bi-layer resist with island structure of 100 nm (a) and below (b). The

brighter areas are resist whereas darker areas are empty. (a) the minimum

island size which could still stand after exposure. (b) resist islands fallen down
due to the undercut etched too much of the MMA layer
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FIGURE 3.16: SEM micrographs of a checker board exposure on the PMMA +
MMA bi-layer resist. (a) under-dose, (b) correct dose, (c) slight over-dose, (d)
over-dose.
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F1GURE 3.17: Plot of beam blur, A as a function of exposure dose. Circles are

experimental points. The beam blur is the connection size between two empty

areas in the checkerboard dose sensor. Positive value means over-dose whereas
negative value means under-dose
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3.6 Helium-ion Beam Milling

3.6.1 Introduction

Helium ion microscopy is a surface imaging technique which involves scanning a he-
lium ion beam across a sample surface and forming an image from the secondary
electron emission. The helium ion microscope (HIM) is similar in operation to
a scanning electron microscopy (SEM). The larger mass and smaller de Broglie
wavelength of a helium ion compared to that of an electron, in addition to an
atomically sharp source, enables the HIM to focus the charged particle beam to a
small spot on a sample. Furthermore, as the helium beam enters the sample, it
is scattered little as it interacts mainly electronically with the sample in the first
few tens of nanometres of the surface. These factors lead to a smaller interac-
tion volume and a higher resolution compared to an SEM. A good field emission
gun (FEG)-SEM can achieve an edge resolution of around 1 nm [73, 74] whereas
the latest commercially-available versions of the HIM are rated at 0.35 nm [75].
However, the HIM is not only an imaging tool but also a nano fabrication tool.
Similar to a gallium focused ion beam system (FIB), the helium ion beam can
mill material by direct ablation of surface atoms when the beam dose is large
enough, or deposit material when a gas injection system is used [76]. Compared
to a FIB, the HIM can generate a smaller beam and so is capable of higher reso-
lution patterning. The low mass of helium compared to gallium results in a much
reduced sputtering yield and therefore lower milling rates, making the technique
suitable for the controlled milling of sub-20 nm features. The technique, although
in its infancy, has been used to mill a variety of materials including monolayers
of graphene for nanoelectronic applications [75, 77] and thin SiN membranes for

biomolecular analysis applications [78].

3.6.2 HIM milling fabrication

The helium ion beam milling was carried out with a Carl Zeiss OrionPLUS™™
HIM. The sample was cleaned by soaking in NMP at room temperature followed
by rinsing in IPA to remove organic materials like e-beam lithography resist and
carbon tape residue before loading into the HIM. This is an important step because
hydrocarbon contamination of this type can be efficiently cross-linked by the he-
lium beam, leading to build-up of material in the area where the beam is scanned

and so prevent successful milling. The H-shaped DWMR device pattern was de-
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fined in binary bitmap format, with one pixel corresponding to 1 nm?, and this
was imported into the internal pattern generator system of the HIM. The HIM was
used in imaging mode to locate and center the pre-defined Ni pad. Imaging was
stopped and then the pattern generator was used to direct the beam, milling out
the gap region to leave the bridge structure joining the two rectangular regions.
The acceleration voltage was 30 kV, and with a milling current of 1 pA, dwell
time of 10 us and pixel spacing of 1 nm, the base dose was 6.154 x 10'® ions/cm?.
Multiple scans (repeats) were used to deliver the required total dose for milling
completely through the Ni layer. The required total dose was first estimated by
Monte Carlo modelling and then optimised experimentally using SEM inspection
and resistance measurements. Several devices were fabricated with different bridge
lengths (=gap width). The typical milling time for the optimised dose used to fab-

ricate successful devices was about 70 s.

To determine a rough starting point for the dose required to mill out the gap to
create the DWMR device using the He ion beam, Monte Carlo simulations were
performed using the SRIM software package [79, 80]. A model was constructed
within the software of 30keV helium ions interacting with a 14 nm thick Ni layer
on top of a 100 nm thick SiO, layer on a silicon substrate. From a simulation of
1 x 10° ions, the sputtering yield, which is the number of atoms removed from the
sample per incident ion, was calculated to be 0.09 atoms/ion. From the atomic
weight and density of Ni (58.69 and 8.908 g/cm?, respectively) and the volume
of material to be removed, the required total dose is calculated to be 1.39 x
10'8 ions/cm?. This is 223 times the base dose specified in the experimental section
and so 223 repeats can be used to deliver the required dose. This represents a
lower bound for the actual dose needed to remove the required amount of material
because the SRIM simulation assumes that the surface remains flat and featureless.
In reality, as the trench is formed it will become increasingly difficult to sputter
material due to redeposition on the trench walls. The actual sputtering yield will
decrease during the milling operation as more than one sputtering event is required
to completely remove an atom from the trench. Therefore, for the experimental
optimisation procedure, 200x the base dose was used as the minimum applied

dose.

For experimental optimisation of the milling dose there are several ways to detect
the milling depth, including atomic force microscope (AFM) and cross section
imaging in SEM or HIM, but in this case the gap width, at around 20 nm, is
too small to be measured by these methods. Instead, the milling depth in the

20 nm-wide gap structure was monitored by top-down inspection with SEM and
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I 100nm JE
X 65,000 5.0kv SEI SEM WD 2.7mm

FicURE 3.18: SEM images showing the device after helium ion milling, with
different doses, x, where x refers to the number of repeated scans with a base
dose (one scan) of 6.154 x 10'® ions/cm?. The total dose for each device is
therefore = times the base dose. The device is fabricated in a 14 nm-thick Ni
layer, sitting on two 9 nm-thick Au wires. The substrate material is 100 nm-

thick SiO9 thermally grown on top of a <100> P-type silicon wafer.
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FIGURE 3.19: (a) plot of resistance versus helium ion beam dose. Green empty
circles are experimental results. The blue curve is fitted data from the resistance
model and measurement result when z = 200, 300 and 400. The red dashed line
shows the curve when 0.85 < x < n in which region the bridge to pad geometry
is taken into consideration; (b) shows the 3-D view of the device in the milling
process. R.1, R, and R.3 are constant during milling and x represents the
number of repeated milling scans of the base dose. We assume the milling rate
is constant, so x is proportional to the milling depth.

by measuring the resistance of devices given different milling doses. The dose
range was from 200 (z = 200) to 700 (z = 700) repeated milling scans of the base
dose. SEM images of the devices milled with the range of doses are presented in
Figure 3.18. For the doses when x = 200, 300 and 400, the gap is visible but the
film appears to be still connected at the bottom, as the contrast from the gap
area is higher than that of the substrate. Above a dose of x = 500, the contrast
from the gap approaches that of the substrate and in the image of dose x = 600,
the gap appears to be completely milled through. For dose x = 700, the bridge

appears to be broken, indicating over-milling.

The resistance of each device was measured by a 4-point measurement system in

which a constant current is driven through the bridge from two terminals and the
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voltage is monitored at the other two ends. The main contribution to resistance
originates from the Ni material between the two Au wires, mostly from the bridge
structure. The corresponding resistance measurement results of the devices in
Figure 3.18 are shown by the green circles in Figure 3.19a. The total resistance
R, can be expressed as a series resistance of the left and right pad (R, Res,
respectively) and the parallel resistance of bridge R. and area to be milled R.,

with x the milling quantity as displayed in Figure 3.19b and Eq. 3.4.
Rx = Re1 + (Re3//Rex) + Rea (3.4)

Here R, is the resistance after x times repeated milling scans with the base dose,
and x = 0 is for the original device whose resistance Ry, = 20€). The size of each
part is measured by the SEM image of the sample. As long as the milling is not
complete, R.3 >> R.o, R.1, R., and can be considered to be constant and the

change in resistance can be approximated by Eq. 3.5.

T

ARx = ( ) Reo(0 <z < 0.85n) (3.5)
The values for Ry = 1.82€) can be calculated using the geometrical structure. We
assume a constant milling rate, no redeposition and no substrate drift during the
whole process. The variable x is the number of repeated milling scans with the base
dose. The value n is the minimum value of z required to mill completely through
the film in an ideal case. It can be fitted to the first 3 experiment points when
x = 200, 300, 400 whose measurement results were ARogg = 1.5 €2, AR3p0 = 2.5 Q)
and ARy = 9.0 Q. From Matlab curve fit tool, the extracted value n = 460.
This corresponds to an experimental milling efficiency of 0.044 atoms/ion, which
is about half the theoretical milling rate of 0.09 atoms/ion. When the milling time
is closer to n (0.85 < < n), significant current will flow through the bridge and
the pads cannot be considered to have constant resistance. We have simulated
this effect with the software COMSOL 4.2a with the same geometrical size as the
fabricated device. When the milling time x > n (i.e. the Ni film has been etched
through) the resistance change of the bridge and pads compared to the unetched
film will be 83.3 €2 which agrees with the experimental result when x = 500. When
x = 600 the resistance change is slightly greater than the calculated value, and
at x = 700 the circuit is open. This is in agreement with the SEM images in
Figure 3.18 which show a split in the the bridge structure for the x = 700 dose.

The cause of this is drift of the sample, and strain as discussed in the next section.
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3.6.3 He-induced strain and swelling

During milling, helium atoms are implanted into the substrate and this can cause
sub-surface swelling, leading to strain in the Ni surface layer and eventually to
failure of the delicate bridge structure. Sub-surface swelling was evident in samples
with gap widths larger than 20 nm, as shown in Figure 3.20 and 3.21. With the
milling dose fixed, a wider milling width leads to a larger number of implanted
ions. Previous studies have shown that the implanted helium can form voids in
the underlying substrate which push against the material above and cause a shape
change on the surface [75, 81]. It can be seen from Figure 3.20d and 3.21 that
the device size increases with increasing amount of injected helium and this leads
to rupture of the bridge at the left hand side. According to the SEM images of
the same devices taken about one month after milling (Figure 3.21c), there is no

evidence of relaxation in the swollen region due to He out diffusion.

Field Of View ent  |Dwell Time Date: 1/10/2012

1.50 um 1.0 pA 20us Time: 11:20 AM
Working Dist Image Size Mag (4x5 Polaroid)
7.0 mm 1024x1024 76,200.00 X 200.00 nm

FiGure 3.20: HIM micrographs of the devices with different pattern width.

(a, b, ¢) devices with milling widths of 5 nm, 10 nm, and 20 nm, respectively,

for which the bridge structure remained intact after the milling process. (d)

milling width of 30 nm whose bridge was broken due to the strain caused by

He implantation into the substrate during milling. The milling dose was 3.69 x
10'8 ions/cm? for each sample.

The size increase is caused by the high doping density of the He atoms in the Si
substrate after milling. The He ions doping concentration can be calculated using
the implantation dose, pattern size and interaction volume which is simulated
by SRIM. As the milling width is small with respect to the interaction range
(250 nm), the He ion doping concentration scales virtually linear with the milling

width. Livengood et.al. reported in 2009 [82] that at a doping concentration
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Working Dist  [Image Size Mag (4x5 Polaroid) — Em— 100nm JEOL
7.0 mm 1024x1024 76,200.00 X 200.00 nm 5.0kv  SEI SEM

FIGURE 3.21: HIM micrographs of the devices before (al, bl) and after (a2,
b2) milling. The milling width for device a is 40 nm, for device b 50 nm.
The center rectangle shaped pattern is the device made in to a 14 nm-thick Ni
film, on top of two 10 nm-thick Au wires. From a2 and b2, it can be clearly
seen that the substrate has swollen during milling, causing an expansion of the
device on the surface. The bridge is broken because of the strain caused by
substrate swelling. The milling dose was identical to that used for the device
in Figure 3.20, 3.69 x 10'® ions/cm?. (a3, b3) SEM micrographs of the same
devices about one month after milling, which show no evidence of relaxation
due to He out diffusion.

of 2 x 10! atoms/cm?® nano bubbles with diameter 1 to 3 nm will form in the
amorphous region, and at 2 x 10*? atoms/cm® nano bubbles with diameter 1 to
30 nm will appear. Our doping concentration is between these two values as shown
in Figure 3.22b. In Livengood’s work, the implantation area is much larger than
the depth. In our work, the milling width is small, compared to the length (about
500 nm) and implantation depth (about 300 nm), and therefore the expansion
can be considered to be limited to the direction along the width of the device.
We would hence expect a linear dependence of expansion in the direction of the
width of the Ni pads with the milling width. This is indeed borne out by the
measurements as displayed in Figure 3.22a with a linear fit through the data. The
slope of the fit a can tentatively be used to extract the pressure of the He bubbles
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FIGURE 3.22: (a) plot of the increase in device width vs. the milling width.
The size is measured from the HIM micrographs shown in Figure 3.20 and 3.21.
The green filled squares show the values measured from the HIM image of the
devices. The blue line is the linear fit of the experiment points. The off set on
the horizontal axis is 3 nm. (b) Plot of the doping concentration vs. the milling
width. The green empty circles show the doping concentration calculated with
SRIM simulation according to each milling width. The blue line is the linear fit
to the calculated data.

as derived from the ideal gas law displayed in Eq. 3.6.

RT Do,

P= 0 (3.6)
where P is the pressure of He bubbles, R is the gas constant, T is the temperature,
Doy, is the HIM milling dose, and d is the depth of the doped region whose value
is 250 nm from SRIM simulation. A pressure of 0.44 GPa is derived in this way
The He pressure of 0.44 GPa is very small with respect to the Young’s modulus
of amorphous silicon 89 GPa [83], indicating that the Si is displaced towards to
top surface and stressed for microns along the x-direction, much larger than the

device area.

An upper limitation of a 20 nm gap with a 20 nm bridge can be defined for this
method on this particular device, above which sub-surface swelling is likely to
cause failure of the device. Within this limitation the strain has to be carefully
considered, especially in DWMR, H-shaped structures, for which strain in the

bridge is likely to have a significant influence on the magnetic behaviour. It may be
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possible to minimise the strain effect by fabricating the device on a thin membrane
so that the ions are not trapped in the substrate. For example, Scipioni et.al. [84]
milled a 50 x 50 nm? hole through a 100 nm thick suspended Au foil using the
HIM method with little shape change in the surrounding material. On the other
hand, control of the strain introduced by the helium milling could be useful in

tuning the properties of the device, but this requires further investigation.

3.7 Conclusion

Functional single domain wall magnetoresistance spin-valves have been fabricated
via e-beam lithography and helium ion beam milling. A 5-layered structure is
designed to connect from a sub-100 nm, 14 nm thick spin-valve to a 200 pgm, 300 nm
thick probing pad. A combination of photolithography and e-beam lithography
not only largely reduces the e-beam exposure time but also simplifies the proximity
effect correction. A checkerboard dose sensor has been developed to detect the base
dose of any type of e-beam resist. The minimum resolution of e-beam lithography
PMMA + MMA bi-layer lift-off is about 10 nm for the gap without a bridge and
60 nm gap with the bridge. Helium ion beam milling is used to create patterns
below 20 nm. The milling efficiency for Ni is measured to be 0.044 atoms/ion.
A resistance to milling depth model is invented to detect the milling depth at a
resolution of 2 nm in a sub-20 nm wide gap which is impossible for AMR or cross-
sectional SEM. The substrate swelling effect limits the pattern width of helium ion
beam milling to below 20 nm region. Helium nano-bubbles appear in the substrate

when the concentration of implanted He atoms reaches 2 x 10*' atoms/cm?.






Chapter 4

Magnetoresistance in domain wall

spin-valves

4.1 Resistivity of wires

The resistance was measured by an Agilent B1500 semiconductor parameter anal-
yser and Lakeshore EMTTP4 probe station at room temperature. Figure 4.1
shows the 4-point measurement setup. For two point measurement the result
value contains the resistance of the probes, contact and gold wires. In four point
measurement the resistance of the those parts (red parts in Figure 4.1(b)) can
be neglected as long as we ignore noise sources. The details of the analyses are

introduced below.

The resistance R of the gold wire is mainly determined by the geometrical size
of the wires. It can be calculated by resistivity p of gold and the fabrication
parameters. There are two types of gold wires in the pattern layout. In Figure 4.2
each wire between A;(or A, By, Bs) and chip center (bottom left in the figure)
is one point of the four-point measurement. The resistance of the wires can be
calculated by adding up the separated parts L; and Ly. L; is rectangle while Lo
is assumed to be trapezoid and can be calculated by Equation 4.1. The resistivity
of the thin film is larger than the bulk due to the thin film electron mean free
path reduction, surface scattering and grain-boundary scattering [85]. Therefore

a scattering enhancement parameter f is used to describe the resistivity of thin
film fp.

65
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(@) Two point measurement
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FIGURE 4.1: Schematic diagram of four-probe measurement comparing with
two-probe measurement. The blue part is the resistance measured by the volt-
meter.

300 nm Au

22 nmAu

Wmax

FIGURE 4.2: Schematic diagram of the testing gold wires. The resistance of

one probe is calculated by adding up the resistance of Ly and Ly’s together,

Ra, = Ra,, + Ra, 1,- The resistance between two pads is calculated by adding
up two probes’, R4 = Ra, + Ra,
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The 22 nm thin gold film resistance is calculated by,

L L L
R2 _ / fpd o f/) 2 ln’Wmaaz (41)
o T(

(WmaacL;Wmin)L + szn) N T(Wmax - szn) szn

where p is the resistivity of gold, L is the length of the gold wire, T" is the thickness
of the film, W is the width of the gold wire and f is the scattering enhancement
due to the thin film effect.

There are mainly two types of gold wires in our experiment as shown in Figure 4.2.
Table 4.1 shows the measurement results of resistance of these gold wires. The
resistance was measured by a four point measurement setup. We use two terminal
of B1500 semiconductor analyser to drive a constant current from Pad Al to A2
(or B1 to B2) and monitor the voltage with the other two terminal. The sampled
positions 1-4 are from the center to edge on a 6-inch wafer. The resistivity of the
22 nm thick Au film are roughly 4 times of the bulk, which agrees with the scaling
and interface scattering model described by Sambles et al [85]. The scattering
factor of Ni film is measured to be 11.6 in a 14 nm thick film (reported to be 7.6
in 20 nm thick film by Gonzalez [28]).

TABLE 4.1: Resistance measurement result

Position — Ry4 Rp) fa B
Q Q
1 298.43 247.75 4.0 4.1
2 303.78 251.59 4.1 4.2
3 309.71 256.67 4.2 4.3
4 318.56 263.92 4.3 4.4
Average 307.62 254.98 4.15 4.25

The shape of Au wire A and B are shown in Figure 4.2

The contact resistance between probe and contact pads may change between 10 €2
and 1 k€). In our experiment a measurement is stable when the contact resistance
is below 50 2. The contact resistance can be tested immediately before magne-
toresistance measurement after putting 4 probes on the pads. All probes need to
be connected together to free static charge, as the static charge could blow off the
bridge.
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4.2 Domain wall magnetoresistance measurement

4.2.1 Device fabricated by e-beam lithography

The resistance was sampled while sweeping the external magnetic field from —100 mT
to 100 mT at the speed of 20 mT/min. The B1500 semiconductor analyser was
set to sampling mode and 1 data point per second. The data was integrated dur-
ing 1 second to average high frequency noise. The device made by only e-beam

lithography and its R — pogH curve is shown in Figures 4.3 and 4.4 respectively.

FIGURE 4.3: SEM micrograph of a DWMR spin-valve with a bridge length

94 nm. The H-shaped Ni device is sitting on two Au wires connected to 4

probing pads to allow 4-point measurement. The current source and voltmeter

shows the measurement setup and pgH indicates the orientation of external
magnetic field

In the figure the bridge length is 94 nm and bridge width 45 nm. The high coercive
side (100 nm x 400 nm) switches at about +25 and -30 mT whereas the low coer-
cive side (200 nm x 400 nm) switches at £5 mT. The asymmetry of the switching
of the high coercive side could be caused by pinned grains on the edge of the Ni
film. The magnetoresistance curve was measured at room temperature and AR
is about 0.4 2. The magnetic field data was not collected at the same time when
sampling the voltage signal. It was controlled by the magnetic field generator and

sweeping was assumed at a constant speed. This could be another reason why the
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FIGURE 4.4: plot of R — puoH curve of the device (Figure 4.3) at room temper-
ature. The high coercive (100 nm wide) pad switches at about +£25 mT and the
low coercive (200 nm wide) pad switches at about £5 mT. The AR is about
0.49). The arrows indicate the order of data collection during measurement.
The result comes from an average of six individual measurement results
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FiGUuRE 4.5: OOMMF magnetisation-magnetic field hysteresis loops. The

model’s geometrical size is based on the fabricated device (Figure 4.3). An

exchange stiffness of A = 9 x 107'2 J/m and saturation magnetisation of

My = 490 kA/m are used in this simulation. The curve shows both parallel
and antiparallel states of our device
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switching is asymmetric. An OOMMEF simulation was done on the same geometri-
cal size of the device to simulate the switching behaviour (Figure 4.5). The model’s
geometrical size is based on the fabricated device (Figure 4.3a). An exchange stiff-
ness of A =9 x 107'? J/m and saturation magnetisation of M, = 490 kA /m are
used in this simulation. The curve shows both parallel and antiparallel states of
our spin-valve. The measured switching field is different from the simulated field
due to an antiferromagnetic Ni - O bond at the film surface [86]. The formation
of NiO happens on any unprotected surfaces including top of the whole film, side
of the bridge and domain pads and even the edge of grains in the film. The NiO
could separate the grains and significantly increase the resistance of the film. This
is the reason why the unprotected devices have a greater value of resistance than
the protected ones. If the grains in the Ni thin film were separated, there would
be no proper step-like curve in the MR measurement, because the switching of the

pads is completely unknown in randomly distributed grains.

4.2.2 Device fabricated by HIM

The bridge of the device can be fabricated by helium ion beam milling instead of
EBL (Figure 4.6). The H-shaped DWMR spin-valve is sitting on two gold wires
connecting to 4 probing pads to allow 4-point measurement. The gold film is too
thin to form a continuous film but still conductive. The Ni device was made by
EBL and metal lift-off followed by helium ion beam milling. The bridge length
and width in the pattern image are both 20 nm. Due to the swelling of the
substrate and substrate drift (details see HIM section in fabrication chapter), the
device came out with bridge length of 32 nm and width of 13 nm. The DWMR

behaviour could be found in Figure 4.7.

In Figure 4.7 it can be seen that the high coercive (143 nm wide) pad switches
at about +40 mT and —50 mT and the low coercive (169 nm wide) pad switches
at about +£10 mT. AR is about 0.6 2 at one peak and 0.5 €2 at the other. The
step like curve is not very symmetric, however it shows a clear distinction between
parallel and antiparallel state. The arrows indicate the order of data collection
during measurement. The integrated sampling time was increased to 2 seconds to

obtain a more stable measurement.
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FIGURE 4.6: SEM image of the DWMR device with a bridge length 32 nm. The

H-shaped DWMR device is sitting on two gold wires connecting to 4 probing

pads to allow 4-point measurement. The gold film is too thin to form a film but

still conductive. The Ni device was made by EBL and helium ion beam milling.

The designed bridge length and width are both 20 nm. Due to the swelling of

the substrate and substrate drift, the device came out with bridge length 32 nm
and width 13 nm
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FIGURE 4.7: R-uoH curve of the device (Figure 4.6) at room temperature. The
high coercive (143 nm wide) pad switches at about +40 mT and —50 mT and
the low coercive (169 nm wide) pad switches at about £10 mT. The AR is about
0.5 Q. The arrows indicate the order of data collection during measurement.
The result comes from an average of three individual measurement results
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4.2.3 Comparison between e-beam lithography and HIM

devices

The bridge length and width of the device made by HIM is smaller than the one
made by EBL. The domain wall width of the devices can be calculated by the
magnetisation rotating area via Bruno’s equation (Equation 2.12). In our experi-
ment the magnetisation was simulated by OOMMEF software based on the device’s
geometrical size. The magnetisation distribution of the device just before and after
the appearance of the domain wall is shown in Figure 4.8. The domain wall width
can be calculated from the magnetisation distribution by using the Equation 4.2
which is another format of the original Bruno’s equation. The calculated domain
wall width of the spin-valve made by e-beam lithography only is 93.9 nm whereas
by He ion beam milling is 58.7 nm. The domain wall width decreases when bridge
length becomes shorter. We have 3 devices made by e-beam lithography showing
the DWMR step-like curve and they show similar resistance value of 0.4 €2. Their

calculated domain wall widths are all around 95 nm.

The equation to calculate the domain wall width (Equation 2.12) is written as,

-1
w/wo e
Waw =4 [ )y Leshi ] (4.2)
where W, is the domain wall width; w is the length of the device at the line across
the bridge; wy is the distance between two neighbour spins; 6;,1 — 6; is the angle
between spin direction and magnetisation of two neighbour spins whose distance
is wg in the OOMMEF simulation.

We expect a difference in DWMR of spin-valves with different domain wall width.
However, in our experiment, this was 0.4 € for the EBL device, similar to the
HIM device of 0.5 2. They show both positive magnetoresistance. The switch-
ing behaviour of these two devices is similar, as the antiparallel state gives high

resistance.

The device made by HIM has a big strain inside the bridge as we discussed in Sec-
tion 3.6.3. The influence of the strain to magnetisation is that the magnetoelastic
energy caused by the strain forces the magnetisation to follow the strain direction.
In this case the domain wall width becomes longer than the unstrained one. This
could be another reason why the DWMR ratio does not increase as expected when
the bridge length is reduced to 30 nm. The analytical explanation of this point is

discussed in Section 4.5.
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FIGURE 4.8: (a) The simulation results of switching the device with a bridge
length of 94 nm. (b) The simulation results of switching the device with a bridge
length of 32 nm. The simulation software used was OOMMEF, parameters were
based on the fabricated spin-valve shown in Figures 4.3 and 4.6. The left side
shows the parallel state and there is no domain wall in the bridge. The right
side shows the antiparallel state and domain wall appears in the bridge

4.2.4 OOMMF simulation comparison between fabricated

and ideal geometries

The magnetisation distribution simulation was carried out by OOMMEF version
1.1b2 (1.1.1.2) loaded by Tcl 8.4.5.0 Tk 8.4 platform installed in Windows XP
2002 SP2. The 2-D shape of the device was taken from the SEM pictures of the
E-beam and HIM.

FIGURE 4.9: OOMMF simulation input file for E-beam lithography sample (a)
and Helium ion beam milled sample (b). BMP mask files for simulation are
included in CD

The simulation setting is listed in Table 4.2. OOMMEF is a 3-D simulator but only
takes a 2-D masks. Figure 4.9 shows the input masks we used in our simulation,
which were taken from the SEM images of the measured devices. The cell size of
the simulation was chosen as 5 nm for the E-beam only spin-valve and 4 nm for
the HIM milled sample. It is not necessary to go below these values because it

increases the simulation time significantly. However the cell size above 5 nm is not
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acceptable as well because it loses some of the short distance exchange interaction

128].

TABLE 4.2: OOMMEF simulation setting

M; A K;  Height Width Thickness cell size

A/m J/m J/m* nm nm nm nm
Electron beam 4.9¢5 9e-12 -5.7e3 400 400 20 5
He ion beam  4.9¢5 9e-12 -5.7e3 430 360 14 4

* mif file included in the CD
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FIGURE 4.10: Plot of domain wall width (left hand side curve blue) domain wall
magnetoresistance ratio (right hand side curve green) as a function of bridge
length. Blue squares are the domain wall width based on ideal structure with
right angles at all the corners whereas blue stars are the domain wall width
based on SEM picture of the fabricated samples with round corners. Greed dots
are the domain wall magnetoresistance ratio calculated from the ideal samples
whereas the greed stars are the same ratio measured from real devices. The
device with a bridge length 94 nm was fabricated by e-beam lithography only.
The device with a bridge length of 32 nm was fabricated by e-beam lithography
followed by Helium ion beam milling. Blue stars show their simulated domain
wall width based on the real geometric shapes (Figure 4.9). Green stars show
their measured domain wall magnetoresistance ratio.

From the magnetisation distribution results we can calculate the domain wall
width through Equation 2.12. The domain wall width based on the ideal struc-
ture with right angled corners is 43 nm for the e-beam sample and 28 nm for the

He ion beam sample according to the simulation results reported by Fangohr et al
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at 2008 [30] (Shown as blue curve in Figure 4.10). However the domain wall width
based on the fabricated structure with round corners using the same equation is
94 nm for the e-beam sample and 59 nm for the He ion beam milled sample. The
difference of domain wall width between round corner and right angled corner is
about a factor of 2. Knittel et al [87] have reported that a small rounding reduces
the coercivity by about a of factor 2 by using Nmag (a magnetisation simulator de-
veloped by Fangohr’s group at School of Engineering University of Southampton).
It can be seen that both results have good agreement that the domain’s coercivity
is reduced by the rounded corner as well as the constriction of the domain wall is
waken at the same time. Therefore the domain wall width increases accordingly,
which leads to the reduction of magnetoresistance ratio shown as green stars in
Figure 4.10. In theory sharp corners could give better performance to our spin-
valves. However the real devices always contain a round corner, which could be

one reason why the measured magnetoresistance ratio is lower than the predicted.

There could be several reasons why the DWMR is lower than the estimated values.
The green stars in Figure 4.10 are lower than the simulated curve. Firstly the
quality of Ni film is not as good as the ideal case that the spin diffusion length \g
and spin polarisation rate P could be smaller than theory value. There are grains
in the evaporated Ni film, NiO on the unprotected edges and rough edge caused
by lift-off process. According to Equation 2.31 which is what we used to estimate
the result, the reduced P and Ap largely reduces the DWMR ratio. Secondly,
the round corners reduces the coercive of the domain pads, therefore the domain
wall width increases accordingly. Thirdly the measurement current density was
too high that the bridge was heated up during measurement, which increases the
thermal influence to the electron spins in the bridge leading to the reduction of the
of Ap and P. The influence caused by current density and NiO will be explained
in detail at the following Section 4.5.

4.3 Anisotropy magnetoresistance discussion

The domain wall magnetoresistance is different from anisotropy magnetoresis-
tance. In our experiment the measurement results was mainly from the DWMR
effect instead of AMR. The advantage of our spin-valve to prove the existence of
DWMR is that there is only a single domain inside each pad, and a single domain
wall inside the bridge. It is easier to analyse the physics by looking at a single

effect instead of superposed ones.
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A head to head wire DWMR structure was reported by Haug et al in 2009 [8].
Their domain wall was a head to head 180° domain wall. The high coercive side
is 500 nm wide, the low coercive side is 1.2 ym wide. The neck width is 30 nm.
The measured magnetoresistance ratio is about 0.06% according to their in situ
(measured inside Lorentz) measurement result. Compared to our device, the line-
shaped domain pads are much larger, so the domain wall inside the bridge may not
be single. The resistance change in their magnetoresistance curve may be caused
by vortex wall or multi walls. In line-shaped devices, the magnetoresistance effect
is relatively small because the classic resistance of domain pad hides the DWMR
effect. Their negative magnetoresistance may come from the AMR effect, because
in a parallel state the magnetisation inside the constriction area is parallel to
the current whereas antiparallel state sees the magnetisation perpendicular to the
current. According to the AMR effect, the resistance when the magnetisation is

perpendicular to the current is smaller than when they are parallel.

Another example whose DWMR, may be caused by AMR effect would be a 90°
domain wall magnetoresistance reported by Montero et al in 2004 [14]. The do-
mains of the device are deposited in different planes, with a nano constriction
point in between. Since the PMMA and MMA is a soft polymer, the structure
is not stable and the magnetoresistance behaviour disappeared in two days after
being fabricated. The DWMR in this type of structure is also within the range of
expected AMR generated effect.

To compare, our magnetoresistance can be proved not to be AMR effect, because
the magnetisation inside the bridge always follows the bridge direction before
or after the domain wall appearance. If it was due to AMR effect, the angle
6 between bridge magnetisation and the current direction should have changed
significantly before and after the domain wall appears. In practice, we can calculate
the difference of the AMR caused by the appearance of the domain wall from
Equation 2.19 as,

AMR = AP ann = (p// _ pL) (008201: — COSZQAP) (4.3)

Pav Pav
where p,,, . is the resistivity of the Ni when considering AMR effect, and Ap,,,,
is the resistivity change due to the AMR effect when the switchable domain pad
switches. pq., p/; and p, is the average, high (parallel) and low (perpendicular)
AMR resistivity respectively, 6p and 04p are the angles between the current and

magnetisation of our device at parallel state and anti-parallel state respectively.
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FIGURE 4.11: AMR resistivity ratio distribution across the device. (a) is cal-

culated from the device with 100 nm bridge length, (b) is from 30 nm in ideal

case, (c¢) is the 30 nm with strain inside the bridge. The percentage on the right
top of each figure is the average resistivity change

FIGURE 4.12: 3-D plot structural model of current density distribution simu-
lated by COMSOL 4.2a. The simulation is based on the 32 nm long bridge HIM
made device including the SiOy substrate.
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With Equation 4.3, the resistivity changes at different positions (Figure 4.11) of
the spin-valve, which can be calculated from the OOMMEF magnetisation simula-
tion (Figure 4.8). It can be seen that the resistance change caused by the AMR
effect (0.02%) is significantly smaller than DWMR (0.2%). The average AMR was
calculated by the resistivity ratio distribution (Figure 4.11) and current density
(simulated via COMSOL 4.2a Figure 4.12) as shown,

J, AMR(z) x R(z)dx

AMR,, =
R

(4.4)

where w is the width of the spin-valve, AM R is the AMR ratio before and after
the domain wall appears in the bridge, AM R(zx) is the same ratio of a dr wide
area around position z, R is the resistance of the whole device and R(x) is the
resistance of a dr-wide part at the position x. Why the AMR effect in our spin-
valve is so low can be explained by the magnetisation inside the bridge. In a
long bridge no matter whether there is a domain wall in the bridge or not, the
magnetisation inside the bridge follows the width direction. Therefore, there is
almost no AMR effect for 94 nm long bridge. This agrees with what Ngo et al
reported in 2011 [88]. However when the bridge length is decreased the exchange
interaction forces the magnetisation to follow the domain’s magnetisation direction
which is perpendicular to the current in the parallel state. In anti-parallel state
as the domain wall type is Néel-type [89] the magnetisation inside the bridge is
always parallel to the current. In this case when switch happens the AMR gives
an additional value to the magnetoresistance. This proves the magnetoresistance
we found is DWMR but not AMR. When further scaling the constriction width of
the H-shaped spin-valve the AMR will give a positive effect (up to 0.4% as shown
in Figure 4.11(b)) to the total magnetoresistance, but at that size the DWMR
could be expected to be as large as 2%. Therefore in our structure the DWMR is

always the main contribution to the total magnetoresistance.

As a reference, the AMR was measured in a 185 nm long, 78 nm wide and 14 nm
thick Ni nano-wire (Figure 4.13) fabricated in the same as our DWMR spin-valve.
An external magnetic field was applied perpendicular to the nano-wire. The mag-
netoresistance measurement result is shown in Figure 4.14. At small field the
magnetisation inside the nano-wire follows the wire direction and it is in high re-
sistivity state. At large field the magnetisation inside the nano-wire is saturated
perpendicular to the current therefore it is in low resistivity state. The AMR ratio
of Ni thin film fabricated by e-beam lithography lift-off is about 0.6%.
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FIGURE 4.13: SEM micrograph of a piece of Ni nano wire. The length of Ni

wire is 185 nm and width is 78.5 nm, where the resistance was measured by the

4-point measurement. A constant current was driven through the bridge from

two terminals of the gold wires and the voltage was monitored at the other two
ends.
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FIGURE 4.14: A plot of resistance against external magnetic field of the Ni

nano wire shown in Figure 4.13. The external magnetic field was perpendicular

to the nano wire and parallel to the substrate. The sweeping speed of the field

was 20 mT /min, the value of resistance was sampled at a rate of 1 point per
second
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4.4 Measurement resolution and noise

The measurement of DWMR effect is influenced by numerous factors such as
thermal noise, noise form magnetic field generator, the resolution of voltmeter,
current source and environmental mechanical noise. The signal of domain wall
magnetoresistance is about several 4V in a 1 k2 system. Any electric noise larger
than 0.5 4V could hide small magnetoresistance. Due to the small size of the
device, we cannot always increase current to get a good signal to noise ratio. The

noise analyse is essential in this type of experiment.

The thermal noise ¥y, in the system comes from the resistance of measurement
cable, contact and gold wires. The value can be calculated by Equation 4.5. At
room temperature and a sampling speed of 1 point per second, 1 k{2’s noise is about
4 nV. For a measurement current of 5 A the signal (0.1% magnetoresistance ratio)
to noise ratio is about 250 : 1. This noise can be reduced by reducing the resistance
of gold wires, contact resistance (eg: wire bonding) or measurement temperature.
This the reason why the gold wires’ resistance is kept as low as possible during

fabrication, even through they do not show up in 4-point measurement.

Ui = \/AkgTRf (4.5)

where ©,, is the voltage variation caused by thermal noise, k is Boltzmann’s con-
stant, T' is temperature, R is the resistance of the wires and f is sampling fre-

quency.

The noise from the magnetic field generator is mainly from the sweeping of the
magnetic field. At an uniform speed, according to Maxwell - Faraday equation
4.6, there is a value shift in voltage measurement result. However if 0B?/9%t is

not zero, there is a noise in the whole circuit as shown in Equation 4.7.

. 0B
Edl:/—dA 4.6
fc E (4.6)

where C' is the length of the circuit, E is the electric field, dl is an infinitesimal
element of C', S is the area inside the close loop of C, B is the magnetic field, dA
is an infinitesimal element of S. The magnetic noise is now given by,

0B?

v . o (4.7)
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FIGURE 4.15: The magnetoresistance curve captured from the Labview window

which controls the whole measurement system. The horizontal axes shows the

magnetic field. The vertical axes is the voltage between two ends of a Ni nano-
wire. Each grid represents 20 mT and 200 nV.

This noise does not change with the power supply or measurement instrument
in the circuit. It can be detected by comparing the measurement results with
and without an external magnetic field. The gain setting of the magnetic field
generator should be optimised in order to minimise this noise. Figure 4.15 shows
the voltage sampling curve with different settings. The sweeping speed of the top
curve was +20 mT/min and the bottom curve was —5 mT/min. The plus and
minus shows the difference of field direction. The noise of about 500 nV exists
in both curves. This value increases when the proportional gain value increases.
A large signal is visible when the magnetic field switches direction. These peaks
as large as 7 pV (in the middle of the top curve in Figure 4.15) can be reduced
by decreasing the sweeping speed. The noise in the bottom curve of Figure 4.15
is the lowest that the optimised conditions can achieve in this system. When the
magnetic field sweeping was switched off, the noise was about 50 nV, reduced
by a factor of 10. This proves that the major noise was from the magnetic field
generator during sweeping. If a current of 5 A was used in the measurement, the
signal (0.1% magnetoresistance) to noise is about 2 : 1. The magnetoresistance
signal is almost invisible at this noise level. Therefore a large current (eg: 20 pA)
is required to compensate the noise generated by sweeping the external magnetic
field.

The measurement curve shown in Figure 4.15 was taken from the latest experi-

mental setting with Keithley current source 6430 and nano voltmeter 2182. The
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FIGURE 4.16: A plot of resistance of a spin-valve against measurement current.
The left Y axis is the resistance of the device. The right Y axis is the supply
voltage of the current source. The X axis is the current through the bridge of
the spin-valve. The integration time for each measurement point was 0.1 s. It
can be seen that the value of resistance variation, noise is reduced when current
increases. The system’s I-V curve shows that the whole circuit is ohmic.

resolution of the voltmeter is about 10 nV which is much better than the Agi-
lent B1500’s 500 nV. All the DWMR, devices we mentioned in this report were
measured by Agilent B1500, for we did not have a Keithley nano voltmeter at
the time we measured the spin-valves. The variation caused by the voltmeter’s
resolution is about 500 nV. Adding to the noise caused by sweeping magnetic field,
the total noise was 1 pV. This 1 4V total noise means that the current needs be
increased to 50 pA to get 5 : 1 signal to noise ratio. A curve showing the relation
between noise and current was measured by Agilent B1500 (Figure 4.16) at room
temperature, without external magnetic field. From the curve we can see the noise
level of supply current and voltage are both stable during the sweeping, only the
noise of resistance measured by 4-point set up increase with the decrease of the

measurement current. This is the reason why our devices were measured at 50 pA.

By replacing Agilent B1500 with a Keithley current source and voltmeter, the
instrument variation can be reduced to 10 nV, but the magnetic generator’s noise
is still 500 nV. Another way we tried is to use a function generator (AC current
source) and a lock-in amplifier to do AC measurement. This has been reported in

many papers as an efficient way to remove noise. However, we found the system
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we have could blow off any devices connected to the measurement circuit. The
reason is still not known yet. These are the reasons why we cannot reduce the
measurement current. The problem caused by the large current is mainly to cause

the broken devices.

4.5 Failure analyse

Besides the successfully working devices there were a significant number of failures
in experiments. Some of the fabrication could not be processed due to the limi-
tation of the instruments and materials involved. For example the Ni evaporation
was done at room temperature instead of high temperature. The drawback of this
method is that there may be many grains in the film due to the lack of energy for
Ni atoms to relocate. However in the lift-off process there is photo (or e-beam)
resist on top of the substrate. It becomes hard if the substrate is being heated
during evaporation and will be very difficult to remove. The annealing could be
done after lift-off but needs much higher temperature than during the evaporation.
However all the furnaces in our cleanroom are bought for semiconductor develop-
ment purpose but not allowed to process metal contaminated samples especially
Au contained samples. So we do not have chance to do this unless we build our

own furnace in the future.

The formation of NiO on the unprotected Ni film surface(or side wall) could in-
fluence the switching behaviour. The room temperature grown Ni film contains
grains due to the lack of energy for Ni atoms to relocate. We can use 1-2 nm
Au film to protect the top surface of the Ni film. However the side wall of the
device is still exposed to the air which oxidise the outer layer of Ni. If the grains
are separated by NiO, the switching behaviour will not be predicable. Therefore
no step-like DWMR shows up during measurement. For the device level circuit
a non-conducting capping layer can be used after lift-off process, but the devices
need be kept in dry Ny all the time during processes, which is not possible in our

cleanroom.

Some of the measurement could not be carried out due to the lack of protection of
the device against being blown off. For example, in the EMTTP4 magnetic cryo-
genic probe system the substrate supports the angular dependent measurement
which was not carried out in this experiment. The difficulty was that to rotate the
sample holder we need lift up the probes and put them down afterwards. Each

time when we put the probe on the pad there is a risk that the sample being
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blown off. This process definitely needs wire bonding. The sample problem exists
in the wire bonding process that once the pin touches a pad the bridge is blown off
immediately. The cryogenic measurement which was not carried out needs wire
bonding as well, because when the sample’s temperature is decreasing the probe
scratches pads because the pads are contracting with cold. The measurement is
very sensitive to the quality of contact that people closing doors will result in
spikes in measurements or even blowing off the bridge. The same lift-up and put
down procedures exist in the cooling down process. One solution could be that
shorting all 4 pads with gold wires at the beginning and brake then with FIB

(focus ion beam) after wire bonding.

The measurement current was to too high that 70% of device did not show any
magnetoresistance signal. According to the Comsol simulation (Fiture 4.12) the
current density in the bridge could be as high as 2 x 10'2A/m?. Fangohr et al
at 2011 [90] reported that in a nano wire constriction whose cross section area
is 20 nm x 20 nm, a 102A/m? current could generate over 1000 K temperature
by passing a current pulse over 15 ns. This is over the Curie temperature of Ni.
Therefore the bridge may become non-magnetic because of this heat. Secondly
the spin torque effect could couple two domains together when the current density
is very large. As we discussed in Section 2.5 (Figure 2.21 [61]), a magnetic domain
can be switched by the current from the other side of a domain wall. In our
device, when the current flows from high coercive side to low coercive pad, the low
coercive pad will not switch untill the reversed field passes the point which switches
the high coercive pad. In this case the domain wall does not appear during the
whole external field sweeping. When the current flows from low coercive to high
coercive pad, both pads switch together when the field passes the low coercive
point. Even if the two pads are not completely coupled, the spin torque caused by
the large current reduces the width of high resistane step in the DWMR curve. As
we discussed in the previous section, the DC current cannot be reduced anymore
due to the noise in our system. A solution could be using AC current source and
lock-in amplifier to measure the resistance. However, our lock-in amplifier blowed

off any devices once put the probe down on the pad.

It’s better to measure the magnetisation directly inside the film during sweeping
the external magnetic field. This requires Lorenz TEM or spin polarized SEM,
which we do not have in the cleanroom. We looked at the magnetisation inside the
spin-valve indirectly by OOMMEF simulation and magnetoresistance curve. This
is also the reason why a single domain wall device is better than multiple domain

walls. Especially when there is not enough space for the second domain wall to



Chapter 4 Magnetoresistance in domain wall spin-valves 85

show up, we can say the step-like resistance increase is due to the only domain

wall inside the bridge.

4.6 DWMR Theory

The domain wall magnetoresistance can be also explained by an energy model. The
domain wall appears in the bridge when the low coercive pad switches before the
high coercive one. During this process the magnetisation direction inside the wide
pad inverts about 180°. This increases the Zeeman energy of the spin polarised
conducting electrons. We assume all additional energy due to the switching comes

from the power supply. The free electron spins in magnetised material such as Ni
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FIGURE 4.17: The energy distribution of the spin down (blue lines) and spin up
(green lines) of the device with a bridge length of 100 nm in parallel state (al)
and antiparallel state (a2), with a bridge length of 30 nm in parallel state (b1)
and antiparallel state (b2). The black arrows indicate magnetization directions
simulated by OOMMEF inside the spin valve before and after switching. In
Figure (b1) the black arrows show the simulated result without considering the
influence of strain inside the bridge. The red arrows in the bridge shows the
magnetization under the influence of strain. The dashed curve shows the energy
distribution corresponding this influence.

thin film are not randomly distributed as in non-magnetic materials. The reason

is that electron spins with the same magnetic orientation as the magnetization
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direction have a lower energy (Figure 4.17). The energy difference between spin

up and down can be calculated by,
E = —pgm e M = —pMZ2cost (4.8)

where E is the energy density; m is the magnetic moment of the unpaired 3d8
electrons of Ni atom; M is the magnetisation of Ni; # is the angle between the
electron spin and magnetisation. M is the saturation magnetisation of Ni (M, =
4.5 x 10° A/m); p is the permeability of Ni (u is said to be 100 to 600 times
to [91]). The energy density of the spins antiparallel to the magnetisation is
2.54469 x 107 J/m3 or 168 peV/atom (p,, = 8.908 g/cm3, A, = 58.6 g/mol,
1 mol contains 6.02214 x 10** atoms). The energy density distribution inside the
domain and domain wall can be calculated from OOMMF simulation results using
Equation 4.8. Figure 4.17 shows the energy distribution of spin up and down in
the spin-valve with bridge length 100 nm, at parallel (al) and anti-parallel (a2)
state. The magnetisation of the two states were taken from OOMMF simulation
whose parameters were based on measured spin-valves. Figures 4.17(b1, b2) show
the same simulation results from the spin-valve with a bridge length of 30 nm.
In theory, when the bridge length is scaled down to 30 nm, at parallel state, the
magnetisation direction inside the bridge would follow the domains’ because of
the exchange interaction. However, in our experiment we use helium ion beam
milling to create the bridge structure so there is large strain inside the bridge
which forces the magnetisation to follow the bridge direction. This is because
the magnetoelastic interaction (Equation 2.10) exceeds the exchange interaction
(Equation 2.2). In this case the energy distribution is as shown in Figure 4.17(b1)
dashed lines. This influences the result as a negative impact on DWMR ratio.

The explanation is given in the following discussions.

The voltage increase at constant current, AV (measured directly by the voltage
meter in the 4-point measurement) due to the appearance of a domain wall can

be represented by,
AVI = APneveAcross Egap (4.9)

where AP is the change in average spin polarisation where scattering occurs at
antiparallel state. n. is the free electron concentration in Ni film. v, is the velocity
of the electrons travelling from the bridge to the switchable pad. A...ss is the
cross-section area of the Ni bridge. E,,, is the energy difference between spin

up and spin down state, which is 2 times the of value |E| (Equation 4.8). AV
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FIGURE 4.18: Spin polarisation distribution of the device with 100 nm long

bridge at parallel (al) and antiparallel (a2) states and the device with 30 nm

long bridge at parallel (b1l) and antiparallel (a2) states. The spin polarisation is

defined as P = ﬁ;%. In Figure (b2) the solid line shows the simulated result

without considering the influence of strain inside the bridge. The dashed curve
shows the spin polarisation corresponding to this influence

is the voltage increase caused by the switching of the spin-valve from parallel to
antiparallel state. [ is a constant current supply during the measurement. The
left side of Equation 4.9 is additional power consumption at the current source
to keep the constant current when domain wall appears. We assume the energy
cost of spins of passing through the domain wall is completely from the additional
energy consumption of the current source when domain wall appears. Thus the
right side is the required energy of polarized conducting electrons when passing
through the domain wall. If the equation I = g.n.ve.Aq0ss is put in Equation 4.9,

the resulting equation is Equation 4.10,
AV = APE,.,/q. (4.10)

where AP and Ey,, are the same as in Equation 4.9 and ¢, is the electric charge of
an electron, 1.602 x 107! C. Equation 4.10 shows that when the device switches
from the parallel to anti-parallel state, a percentage of AP electrons enter a higher
energy state. When we keep a constant measurement current, the additional en-

ergy comes from the increase of the voltage supply. The value AP can be calculated
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by the spin accumulation model introduced in Section 2.5 (Equation 2.29),
P(l) = Pye > (4.11)

where P is the spin polarisation at a distance [ in a non-magnetised region. F is
the spin polarisation in the magnetised region. A is the spin diffusion length. An
exponential model is used because the spins lose their orientation in a diffusion
way. From this exponential decay model the spin relaxation between two position

with magnetisation direction 6; to #,, is proposed as,
Py = Pi= (P = Pycostys) (1 — em@Hiesing) (4.12)

where P; and F;,; are the spin polarisations at the position with magnetisation
0; and 6,41 respectively, L is the distance between 6; and 0,1, we assume df/dl
is constant within distance L, X is the spin diffusion length, « is the magnetic-
independent scattering constant and [ is the magnetic scattering constant. These
parameters have been fitted to match the experimental results. When electrons
travel in magnetic conductor the spin orientation tends to follow the magnetisation
orientation. However the change of spin orientation does not happen the same time
when the electron enters a different region such as from 6; to #;,1. In this case
the change of spin orientation follows a diffusion model, so in the model we can
calculate the spin polarisation of position i+1 from its neighbour position i where
current follows from. Equation 4.12 shows how spins lose their polarisation inside
a magnetised material. The spin relaxation model shown in Equation 4.11 is a
special situation when 6 = 90° and o = 1, the spins lose the polarisation in a
non magnetised or randomly magnetised region. The calculated spin polarisation

against position in the spin-valve based on the OOMMEF simulation results can be
Py—P,
Py+P,
there are more up-arrowed spins. Figures 4.18(al, a2) show the spin accumulation

seen in Figure 4.18. P = is the spin polarisation and positive value means
inside a 100 nm long bridge of parallel and antiparallel states, respectively, while
Figures 4.18(b1, b2) show the 30 nm case. The value o = 3 and = 3 was fitted
according to the measurement result of the 100 nm constriction. In theory the
value of a should be 1, but in experiments, the Ni film’s defect and interface (Au
on top and SiO, at the bottom) spin collision reduces the spin diffusion length to
Aeff = A a.

If we put the spin polarisation of the parallel and anti-parallel state together, the
amount of spins whose energy is increased by the switching of the domain magneti-

sation is shown in Figure 4.19. The slashed area shows the amount of spins entering
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FIGURE 4.19: The spin accumulation when switching happens (domain wall

appears). The slashed areas in (a) (100 nm long bridge) and (b) (100 nm long

bridge) indicate the percentage of electrons entering the high spin energy state.

The crosshatched area in (b) is the reduction caused by the strain inside the
30 nm long bridge.
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ering the influence of strain (b) and the spin-valve with 30 nm long bridge by
taking the strain into account (c)
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the high energy state when the free pad switches. The crosshatched area shows
the amount of spins which lose their polarisation before switching because of the
strain inside the bridge. The high magnetostriction of Ni results high magnetoe-
lastic energy when strain is applied inside the bridge. The He ion patterned bridge
contains large strain because patterned bridge size changed from 20 nm-wide and
20 nm-long to 13 nm-wide and 30 nm-long. The magnetoelastic energy could force
the magnetisation around the bridge follow the strain orientation, which increases
the domain wall width. By plotting the spin polarisation difference, the relation
between AP and position in the device is established as shown in Figure 4.20.
Figure 4.20(a) indicates 5.8% of the electrons enter the high energy state when
domain wall appears in the 100 nm-long bridge. Figure 4.20(b) shows 16% of this
type of electrons in the 30 nm unstrained bridge, and Figure 4.20c shows that this
ratio has been reduced to 6% due to the strain introduced by substrate swalling
caused by helium ion beam milling. We take the peak values in Figures 4.20(a, c)
as the value of AP in Equation 4.10. The calculated AV in both case is about
20 pV. The reduction is domain wall width does not lead to an increase in magne-
toresistance as the magnetoelastic forces the 2 x 90° domain walls to appear. The
change in AR is therefore equal in both e-beam and helium ion beam fabricated
structures. The respective AR value is 0.4 §2, which agrees with the measurement

results.

4.7 Conclusion

Domain wall magnetoresistance of 0.1% has been measured in an H-shaped spin-
valve with a constriction fabricated by e-beam lithography (width = 94 nm ) and
0.2% in a constriction fabricated by helium ion beam milling (width = 32 nm).
The strain introduced by the substrate swelling increases the domain wall width
by increasing the magnetoelastic energy and results in negative impact on the
magnetoresistance ratio. The anisotropic magnetoresistance analysis shows that
the AMR effect is only 10% of the domain wall magnetoresistance in our H-shaped
spin-valve. In order to keep the signal to noise ratio larger than 2:1 the measure-
ment current needs to be larger than 5 pA. A spin accumulation model has been
created to analyse the domain wall magnetoresistance based on experimental re-
sults. The step in the spin-valve curve is explained in terms of Zeeman energy
during switching. According to the spin accumulation model, a larger spin po-
larisation or a shorter domain wall constriction width gives higher domain wall

magnetoresitance ratio.
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The smallest gap in the H-shaped spin-valve we have achieved is about 5 nm. The
resistance measurement shows the milling has been through to the bottom and the
bridge is still conducting. However, the magnetoresistance measurements do not
show magnetoresistance signal. In theory, the 5 nm spacing should be sufficient
to prevent coupling as simulations show that coupling only happens below 1 nm.
Thus, due to the edge roughness in the experiment, some coupling might exist. In
future work, if possible it is better to measure the magnetisation of the pads during
the switching to explore what exactly happens inside the constricted domain wall
experimentally. A function generator and lock-in amplifier system can be used to
largely reduce the noise and therefore the measurement current. However, this
requires wire bonding and protection circuit to prevent the spin-valve from being

blown off.






Chapter 5

Plasmonic nanoantennas

5.1 Introduction to plasmonic nanoantennas

As being discussed in the E-beam fabrication section, this PhD thesis contains
research on plasmonic nanoantennas. The research on surface plasmon resonance
(SPR) has become popular because of its wide range of successful applications
in biomedical sensing [92, 93, 94], material sensing [95, 96, 97] and high speed
communications [98]. The SPR is the resonant oscillation of valence electrons in a
solid stimulated by illumination. The plasmonic nanoantenna is one type of SPR
devices, which is potentially capable of resulting in ultrafast integrated photonic

circuits because of its high speed and sensitivity.

The surface plasmons are surface electromagnetic waves in a direction parallel
to the interface of the metal and the optical transparent material. The resonance
happens when the field intensity at extremes of the metal reaches a local maximum
value. In a relative field intensity spectrum there may be multiple resonances
corresponding to different wavelengths. The near-field is electromagnetic field
within 1 wavelength of the reflecting surface. Its amplitude is proportional to
the relative intensity which is the antenna reflection intensity to the reflection
intensity of the background (I/Ip or AR/R). The near-field intensity is often
used in the simulation results because this is what we can get from the FDTD
(finite different time domain) calculation. In contrast the extinction cross section
(o) is often used in measurement result because this is what can be measured by
reading the energy integration signal of a CCD receiver. We can understand in this
way that due to the plasmonic resonance of an antenna, the near-field intensity in

the gap increases, so both the optical reflection and absorption increases, which

93
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can be seen as equivalent to the increase of extinction cross section. The surface
plasmonic resonance is very sensitive to the shape of the metal and the refractive
index of the optical transparent material. This is why it is often used in sensing

applications.

Lg

— 100nm JEOL 9/21/2011
X 100,000 5.0kV SEI SEM WD 2.7mm

FIGURE 5.1: SEM micrograph of a plasmonic nanoantenna. The antenna was

made of 25 nm thick Au on top of an Indium Tin Oxide, ITO-coated glass

substrate. The length of the left rod is L; and the right one is Ls. The width of

the rods is W. The width of the gap is Ly. In our experiment, we keep L1 + Lo
a constant value.

The dimer nanoantenna is a type of localised surface plasmon resonance device
made of two pieces of nanometer-sized metal rods (Figure 5.1). The optical charac-
teristics of the antenna are determined by the length of rods Lq, Lo, width of rods
W, film thickness 7', gap width L, and interface material’s refractive index [99].
There are several types of antennas reported by different researchers (Table 5.1).
Properly designed antennas could have their incident electromagnetic field en-
hanced by several orders. Figure 5.2 [100] shows a symmetric antenna structure
at its maximum gap intensity. Moreover the absorption peak is very sensitive to
the electric properties of the material inside the gap as reported by Alu et al in
2008 [101].

Figure 5.3 shows the scattering resonance shift due to the different permittivity
of materials inside the gap of a dimer nanoantenna. It can be seen that there is
a redshift on the resonant frequency when permittivity increases. The Au and
Ag filling the gap has the same resonant frequency, thus the resonant frequency
reaches the lowest value when the material filling the gap is highly conductive.
However, there is no clear relation between the resonant frequency and the ma-
terial’s conductivity. According to a paper published by Brongersma, the dimer
nanoantenna is very sensitive to the gapping materials electric property including
not only the permittivity (capacitance) but permeability (inductance) and mobil-

ity (resistance) as well [94].
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FIGURE 5.2: (a) Near-field intensity distribution 20 nm above a symmetric

dimer antenna at wavelength 760 nm. (b)

Relative field intensity spectra in

the gap (solid line) and at the extremity (dotted line) for the dipole antennas.

This is a simulated result based on the geometrical size L; = Lo = 230 nm,

Ly, = 30 nm. The effective wavelength Ay, of this antenna is 460 nm. After
Fischer et al [100], copyright OSA

TABLE 5.1: Antennas

research work

Structure Researcher year

Found

Rectangular ~ Cubukcu et al [102] 2006
Muskens et al [103] 2007

Alu et al [101] 2008

Abb et al [104] 2011

plasmonic laser antennas

dark field scattering spectrum
tunable scattering resonance
injecting carriers into substrate

Bow-tie Farahani et al [105] 2005
Merleinet al [106] 2008

sensing single quantum dots
two dipole plasmon resonances

Stacks Lévéque et al [107) 2006
Su et al [108] 2006

tuning resonance wavelength
tunable surface plasmon

Quantum dots ~ Curto et al [109] 2010

controllable emission

V-shaped Zhang et al [110] 2007

high enhancement factors

In this chapter we are going to introduce a hy

brid asymmetric dimer ITO antenna

fabricated by e-beam lithography and Au lift-off. It contains two pieces of Au

rods with the length Ly, L, and a gap width

L,. Different combinations of these

parameters can result in various optical behaviours.
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FIGURE 5.3: Numerical simulation of scattering resonance shift as a function of
frequency of the symmetric dimer nanoantennas with different materials filling
the gap. From the right hand side to the left the peaks are from materials of
air (60), SiOQ (ESiOQ = 2.3660), Si3N4 (GSi3N4 = 4.0160), Si (652‘ = 13.3560), Au
and Ag. The plots of Au and Ag are mostly overlapped but the peak of Ag is
slightly higher than Au. After Ald et al [101], copyright Nature

5.2 Fabrication results

The plasmonic nanoantennas were fabricated on an ITO-coated glass substrate via
electron beam lithography and lift-off (Figure 5.1). ITO stands for Indium Tin
Oxide or Tin-doped Indium Oxide. Typically it is InyO3 with 1% - 10% SnO,. It
is a kind of transparent conductor whose electron carrier concentration can be as
large as 10%? /cm®. Because ITO is highly conductive, the sample is not charged up
during exposure. However, the I'TO has grain sizes of 10 - 100 nm depending on its
thickness. The point spread function of the substrate is not calculatable due to the
roughness. The result is that a dose test is required for every new designs, because
each design contains the different pattern density. Furthermore we cannot avoid
proximity effect correction and use single dose for the exposure, because there are

both large and small patterns in the same area show in Figure 5.4.

Figure 5.4(a) is the micrograph of a pattern exposed with single dose without
proximity effect correction (PEC). It can be seen that the patterns close to the

100 um pad are brighter than the ones far away. All the nano antennas have
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F——>— 100um

FIGURE 5.4: (a) Optical microscope micrograph of a group of patterned

nanoantennas with eye mark on the left hand side. The eye mark could help to

locate samples in optical measurement. (b) the dose map of the nanoantennas’
pattern file.

the same total length of 600 nm and should look like the same brightness under
optical microscope. The difference on the brightness was caused by the different
of exposure doses on each individual patterns. The additional dose of the small
patterns is mainly from the big area. And the influence distance is more than
100 pm. The point spread functions (PSF) of the back scattered electrons from a
flat SiO, surface only has the length of around 30 pgm shown in Figure 5.5. The
conducting surface on top of SiOy only increases the energy distribution within a
10 pm range. Therefore we load an ideal Gaussian PSF whose maximum energy
distribution distance is as large as 50 pym and do the coarse PEC (Figure 5.5b)
and leave all the rest to the dose test. In addition, a size sweeping from 2 nm to

50 nm on the critical dimension was used to avoid failure caused by the dose drift.

The result of e-beam exposure on the critical dimension, gap width W, of the
nanoantenna structure is shown in Figure 5.6. Compared to the domain wall
magnetoresistance fabrication the difference is that there is no bridge between the
rods for the nanoantenna structure. The minimum gap size of DWMR spin-valve
by e-beam lithography only process is 60 nm whereas for nanoantenna it is 10 nm.
The EBL technique with the bi-layer resist approach leads to an undercut which
facilitates the lift-off procedure. An SEM image of the under-cut created by the bi-

layer resist is shown in Figure 5.7. The size of the under-cut varies from 30 nm to
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FIGURE 5.5: The dose distribution of the point spread function for SiOy sub-
strate and Ti-Au coated SiOs substrate

100 nm and is determined by the pattern density, exposure dose, resist thickness,
developer MIBK : TPA ratio and development time. A successfully-defined H-
device pattern is shown in the SEM image in Figure 5.8b. If there is no bridge in
between two pads, the gap can be made as narrow as sub-20 nm with this method,
because the top layer resist can be supported by the two ends even when the area
underneath is cleared. However, when the bridge is included in the design, the
minimum size of the gap between the two sides of the device over which the bridge
extends is limited by the undercut to 60 nm. If the gap is defined to be smaller
than 60 nm, undercuts from either side can connect. The top layer of resist is
then no longer supported and so is unstable and prone to distortion, as shown in

Figure 5.8c.

- 10nm JEOL 8/7/2012
X 370,000  5.0kvV SEI  SEM WD 3mm  4:49:53

FIGURE 5.6: SEM micrograph of the critical dimension W, of a nanoantenna.

The minimum gap width we can get with this method is 10 nm. A size sweep

with a step of 2 nm is required to prevent failure from the dose drift (a slight dose

change between each exposures due to the difference in the resist preparation
and development processes).
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SiO; substrate

100nm JEOL
X 170,000 2.00kV SEI GB_LOW WD 3mm

FIGURE 5.7: SEM cross-sectional view of the bi-layer resist under-cut. From

top to bottom there is a gold layer by evaporation, PMMA + MMA spin coated

electron beam lithography resist and thermally grown SiOy. The width of the
half under-cut can be as large as 80 nm.

(b1)

200nm 100nm

(a2) -

PMMA
MMA

FIGURE 5.8: (al) Ni device pattern design. After the evaporation process, the
Ni device is surrounded with electron beam resist. (a2) The ideal shape of the
bi-layer electron beam lithography resist with undercut 3-D view. (bl) SEM
micrograph of a device fabricated with the design of (al). (b2) resist undercut
of the device (bl) by inference. (c1) SEM image of a failed device. (c2) Over-
etched undercut by inference. It can be seen that the e-beam resist area shown
in (al) is slanted. The undercuts are overlapping, which results in the OMMA
layer floating. This will lead to a failed device, as in (c1).
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5.3 Theorical results

In our device (Figure 5.1) the total length of the two rods, Ly + Lo is always
600 nm. The length of the gap, L, changes from 20 nm to 100 nm in steps of
5 nm. The width of the rods W is about 60 nm, and the thickness 7" is 25 nm. In
a simple analytical formula of a single rod length to the resonant wavelength, the
rod is assumed to be cylindrical. In first approximation we can assume our rod to

be cylindrical with a radius R = @ = 20 nm.

The length of the rods influences the effective resonant wavelength of the incident
light. The relation is the same to the classic antenna and electromagnetic wave

shown as [111],
1
L,=nx 5)\eff, [z = (1,2)] (5.1)

The plasma resonance reaches the highest intensity in the rod when n = 1,3,5...
and the lowest at n = 2,4, 6.... However the effective wavelength does not exactly
equal to the wavelength of incident light [99], because incident light is not perfectly
reflected by a metal surface due to the oscillations of the free electron gas. The

relation between effective and resonant wavelength is given by (Novotny et al in
2007 [99)),

Ao 0.12[ce +£,141.04] 2 A /e T &, 14104
Aeif _ygqy 12lEwte |2 A pVemte (5.2)
2R € T Ap €

where A.ss is the effective wavelength, R is the radius of the rod, e, is the high
frequency limit of the dielectric function (for Au e, = 11, for Ag e, & 3.5), &
is the dielectric function of surrounding material (such as air and ITO), n is the
order of the mode, and L is the length of the nano-rod. To get this simplified
equation, the substrate material is assumed to be highly conductive and 4R < L,
R << X. Figure 5.9 shows the plot of Equation 5.2 for Au and Ag when R is

5 nm, 10 nm and 20 nm.

Figure 5.10 shows the expected behaviour of our asymmetric nanoantennas. Fig-
ures 5.10(a, d) indicate the spectral positions of the L; and Ls’s resonances against
Ly. The contour plots in Figures 5.10(b, ¢, e, f) show the extinction cross section,
Oezt a8 a function of Ly and A. The interaction between the long and short rods
are identifiable. Total rods’ length L + L, is a constant value, either 600 nm in
Figures 5.10(a, b, ¢) or 1000 nm in Figures 5.10(d, e, f), thus if Ly increases, L4

decreases correspondingly. If we put Equation 5.1 and 5.1 together, the resonant



Chapter 5 Plasmonic nanoantennas 101

@

1400} AU
1200} 20..-7
= 1000}
< 800} .
©
< 600}

400 }
200,

400 600 800 1000 1200 1400 1600 1800
A (nm)

(b) T
1400} A9
1200}
1000f
800 |
600 |
400 | .
200} .-

400 600 800 1000 1200 1400 1600 1800

A (nm)

Aeff (NM)

FIGURE 5.9: Plot of effective wavelength against wavelength of incident light

of (a) Au and (b) Ag. The solid red lines indicate when R = 5 nm, blue dashed

lines indicate when R = 10 nm, black dotted lines indicate when R = 20 nm.
After Novotny et al [99], copyright AIP

wavelength as a function of L; and L, can be expressed by,

ApEs nL 0.12 2

A= (0.1zm) (47TR - Vs + 110, - %) (5:3)
The plots of resonant wavelength as a function of L; and L, in the 1st, 2nd and
3rd orders are shown in Figure 5.10(a) (L; + Ly = 600 nm). The solid lines are in
bright mode whereas dashed lines are in dark mode. The red lines represent the
long rod L, and blue lines are for the short rod L;. The circles indicate the places
where the 1st order resonant wavelength of L; crosses the higher orders of Ls.
The light scattering simulation based on such an asymmetric nanoantenna result
is shown in Figure 5.10(b, ¢). The photonic resonance of substrate and rectangular

antenna were simulated by a finite difference in time domain (FDTD) method.
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FIGURE 5.10: (a, d) Plot of spectral positions of the resonances, A as a function
of length of an individual rod(L;, L2) in an asymmetric nanoantenna with
L1+ Ly =600 nm (a) and L; + Ly = 1000 nm (d). Red lines show the incident
wavelength to excite the long rod (300 < Ly < 600), whereas the blue lines
show the short rod’s (300 > L; > 0). The solid lines indicate the bright mode
(n =1,3,5...) whilst the dashed lines indicate the dark mode (n = 2,4,6...). (b,
¢, e, f) contour plot of extinction cross-section (oey¢) as a function of Ly and A.
(b) L1 + Ly = 600 nm, Ly, = 100 nm. (c) Ly + Ly = 600 nm, Ly = 20 nm. (e)
L1+ Ly = 1000 nm, L, = 100 nm. (f) L1 + Ly = 1000 nm, L, = 20 nm. (g)
Near-field enhancement modulus and phase distribution in the antenna plane
at the spectral positions of C and D shown in Fig.(c). C and D have the same
geometrical size L1 = 180 nm, Ly = 420 nm, Ly = 20 nm. (Thanks to Martina
Abb)
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FIGURE 5.11: (a) Theoretical and (b) experimental plots of extinction cross
sections against wavelength of incident light of asymmetric nanoantennas whose
Lo changes from 360 nm to 540 nm with a step of 20 nm. Corresponding SEM
micrographs are shown in the center. The total length of L; and Ls is 600 nm.
The gap width, L, is 20 nm. The letters, A-E in (a) indicate the same simulation
points in Figure 5.10 (c¢). Dashed gray lines are guides of the bright modes to
the eye. The axis AR/R in (b) is the relative reflection (proportional to oey)
of the nanoantennas measured by a lock-in amplifier. (Thanks to Martina Abb)

The dependence of coupled resonance between two rods on the different antenna
parameters were performed by using boundary element method (BEM). From
Figure 5.10(b), it can be seen that when the gap size is 100 nm the superposition
of a bright mode and a dark mode shows bright. This means that the interaction
between two excited Au rods is very small around the gap width of 100 nm. If there
is no interaction we can only see the bright mode, but we cannot tell whether the
dark mode is still there or not. When the gap width is reduced down to 50 nm or
below, the superposition of a bright mode and a dark mode results in a dark mode.
This can be clearly seen in Figure 5.10(c), as the blue area between C' and D is
caused by the 2nd order dark mode of Ly. Moreover we can only see the dark mode
when it cuts off the curve of a bright mode. Figure 5.11 shows the experimental
result corresponding the simulation as shown in Figure 5.10(c). The dashed lines

are guide to the eye of the bright modes. The interaction between the bright
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FIGURE 5.12: (a) Contour plot of extinction cross-section as a function of gap

width and resonant wavelength, W, of an asymmetric antenna with Ly = 420 nm

and L; = 180 nm. (b) Experimental spectra of differential reflectance for the

same asymmetric antenna for three different gap sizes. (c, d) Near-field intensity

maps at a wavelength of 910 nm for W, = 200 nm and W, = 2 nm respectively.
(Thanks to Martina Abb)

mode and dark mode can be further explained by the near-field phase distribution
of an asymmetric nanoantenna as shown in Figure 5.10(g). When the two rods
are close enough, the two resonances inside the gap with a phase difference of 7
neutralise. More detailed analyse can be found in Figure 5.12 which is about the
influence of the gap width to the interaction between the bright and dark modes.
Figure 5.12(a) shows the simulation result of a critical gap width of 50 nm below
which the superposition shows the dark mode. Figure 5.12(b) shows a group of
measurement results corresponding to the simulation of gap size 10 nm, 30 nm and
40 nm. The vertical axes is proportional to the reflection of incident light. The
bottom between two reflection peaks agrees with the superposed bright and dark
modes. The splitting is also known as electromagnetically induced transparency.
The strong coupling between a dark mode and a bright mode results in a near-

perfect transparency instead of an otherwise strong absorption line.
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5.4 Conclusions

The asymmetric nanoantennas show strong interaction effects when the gap width
is smaller than 30 nm. These effects were proved by both simulation and experi-
mental results. These nanoantennas can be used as nanofilters, for the spectrum
can be tuned by the geometrical parameters. The field intensity inside the gap can
either be enhanced by two bright mode resonances or reduced by one dark mode

resonance in any one rod.

| Au dimer symmetric

Au nanoantenna Au

ITO / \
—_ sio
=2 7 ¥

- =} =

FIGURE 5.13: Schematic diagram of a dimer nanoantenna ITO MOSFET. From

bottom to top, there are n-type silicon bottom gate, gate SiOq, trench SiOa,

symmetric nanoantenna, surrounding ITO, and Au contact. If a bias is applied

there will be positive charge appear on the silicon side of the gate SiOs whereas
negative charge on the ITO side of the gate SiOs interface.

Figure 5.13 shows our design of the structure and operation of a dimer nanoan-
tenna ITO MOSFET. When applying a negative bias the concentration of free
electrons in ITO is reduced whilst a positive bias increases it. The increase of
carrier concentration in ITO decreases the real part of permittivity [104], which
results blue shift in the resonant spectrum [101]. This effect was analysed by
Feigenbaum et al in 2010 [112]. The concentration of free electrons inside the gap
of a nanoantenna may influence its resonant wavelength. The plasmonic resonant
frequency of a dimer nanoantenna with a empty gap is half of the one with Au in
the gap. We assume that if the electron concentration of the ITO inside the gap
can be controlled by a gate bias, the resonant frequency can be controlled continu-
ously. For example, when the gate voltage changes from negative to positive (e.g.
from -2 V to 2V) the peak of the resonant spectrum moves from short wavelength
to long wavelength (e.g. from 0.8 pm to 1.2 ym). In another view, if we keep the
wavelength of an incident light constant, such as 0.8 pum, and increase the gate

voltage from -2 V to +2 V, the absorption of the 0.8 um light changes from high
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to low whereas the reflection of the light changes from low to high. Thus when the
gate bias is below a threshold V;, the reflection of the light can be seen as in the
off-state. When it is above V;, the reflection of the light is in the on-state. This
behaviour is the similar to a MOSFET, but the drain-source current is replaced

by the incident-reflection light.

— 100nm JEOL 1/23/2013
X 100,000 5.0kv SEI SEM WD 3mm

FIGURE 5.14: SEM micrograph of the cross sectional view of the dimer nanoan-
tenna ITO MOSFET.

Figure 5.14 shows the completed result of the fabrication of the dimer nanoantenna
ITO MOSFET. We start with a piece of N-type highly doped Si < 100 > substrate.
A 100 nm SiO, thin film was thermally grown on top by wet oxidation. A window
of 20 nm thick SiO, was created by wet etch. Nano-antennas were deposited in
the window on top of 20 nm-thick SiOy by electron beam lithography and lift-off.
Then 100 nm thick ITO was deposited by evaporation with an oxygen pressure
of 4 x 10~* mBar. Four hours annealing was followed by ITO lift-off to calibrate
the electron concentration of ITO film to 3.84 x 10%° /em?. An Al electrode was
deposited at last to allow probing and wire bonding. The uniformity of thermal
oxidation in a 6 inch area is 2 nm. The 20 nm thick gate oxide uniformity is
+2 nm. The maximum voltage can be applied between the 20 nm gate oxide
is +3 V. The measurement of the antennas requires further calibration on the
geometrical size of the nano-antennas, thickness of gate SiOs and conductivity of
ITO.
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Summary

In this thesis, the world’s first smallest functional single domain wall magnetoresis-
tance spin-valve has been reported. The constriction width of the magnetic domain
wall has been scaled down to 30 nm with a combination of e-beam lithography
and helium ion beam milling. A 5-layered circuit structure has been developed to
connect the measurement wire from the 200 pm-wide 300 nm-thick measurement
pads to the 100 nm wide and 14 nm thick magnetic film. The room tempera-
ture magnetoresistance has been measured with a 4-point measurement setup in
a sweeping external magnetic field. It shows clearly the difference in resistance
between parallel and antiparallel configuration. The room temperature magne-
toresistance ratio has been found to be around 0.1% with 90 nm and 0.2% with
30 nm constriction width. A spin accumulation model has been analysed to explain
what happens inside the bridge including the electron spins collision, anisotropy

magnetoresistance contribution and domain wall extension caused by the strains.

In the e-beam lithography, a checkerboard dose sensor has been developed to detect
the base dose of any type of e-beam resist. A dose proximity effect correction is
developed with the base dose to process the complex exposure. The PMMA and
MMA bi-layer resist is found to be suitable for a lift-off with minimum gap width
of 10 nm (without bridge) and 60 nm (with bridge). A structure of 3 e-beam layers
is developed to connect wires to sub-100 nm region without process damage. A
combination of photo and e-beam lithography is developed to reduce the e-beam

exposure time.

Sub-20 nm gap is achieved by using the combination of e-beam lithography and
helium ion beam milling. A resistance to milling depth model has been used to

detected the milling depth with a resolution of 2 nm which is difficult to measure
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with either AFM or cross-section SEM. The substrate swelling has been analysed
carefully to determine the limitation of this fabrication method and the influ-
ence on the magnetic behaviour. Because of the linear relation between swelling
width and milling width, a suggested maximum milling width of 20 nm has been
found. The milling parameters of 30 kV, 1 pA, 10 us dwell time and 1 nm pixel
size are optimised by considering the sub-surface swelling, beam spot size, sub-
strate drifting and side wall re-sputtering. The milling efficiency was found to be
0.044 atoms/ion which is the half of the SRIM simulated result of 0.09 atoms/ion.
The step-like magnetoresistance curve shows that the magnetic behaviour is not

completely destroyed by the implanted He atoms.

Asymmetric dimer nanoantennas have been fabricated by e-beam lithography and
Au lift-off. The measured resonant spectrum agrees to the simulated results show-
ing the light and dark modes. The interaction between light and dark modes was
found only when the gap width is below 50 nm which fully agrees with the theo-
retical result. A near-perfect transparency was found in a strong coupling between
a dark and bright mode when the rods lengths are 420 nm and 180 nm. As the
electron concentration of the ITO thin film can be controlled by a back-side SiO,
gate, an electric controllable plasmonic dimer nanoantenna has been designed in
this thesis which will be fabricated and analysed in future work. A wavelength
shift based on the changing of the gate bias is expected to be seen. Further ap-
plications such as an electric controlled optical switch can be developed based on

this phenomena.

The magnetoresistance in our current devices is too small to be technologically
relevant. In future work, a device with reduced geometrical size will be designed
to detect magnetoresistance when the constriction width is below 30 nm. A more
stable setup of the cryogenic magnetic measurement system will need to be devel-
oped, to allow the temperature dependence of the domain wall magnetoresistance

spin valve to be analysed.
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